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CHAPTER 3 SOIL PHASE RELATIONSHIPS, INDEX PROPERTIES AND CLASSIFICATION 3.1



SOIL PHASE RELATIONSHIPS



Soil mass is generally a three phase system. It consists of solid particles, liquid and gas. For all practical purposes, the liquid may be considered to be water (although in some cases, the water may contain some dissolved salts) and the gas as air. The phase system may be expressed in SI units either in terms of mass-volume or weight-volume relationships. The inter relationships of the different phases are important since they help to define the condition or the physical make-up of the soil. Mass-Volume Relationship In SI units, the mass M, is normally expressed in kg and the density p in kg/m3. Sometimes, the mass and densities are also expressed in g and g/cm3 or Mg and Mg/m3 respectively. The density of water po at 4 °C is exactly 1.00 g/cm3 (= 1000 kg/m3 = 1 Mg/m3). Since the variation in density is relatively small over the range of temperatures encountered in ordinary engineering practice, the density of water pw at other temperatures may be taken the same as that at 4 °C. The volume is expressed either in cm3 or m3. Weight-Volume Relationship Unit weight or weight per unit volume is still the common measurement in geotechnical engineering practice. The density p, may be converted to unit weight, 7by using the relationship Y=pg



(3.la) 2



2



The 'standard' value of g is 9.807 m/s (= 9.81 m/s for all practical purposes).
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Conversion of Density of Water pw to Unit Weight From Eq. (3.la) •W ~



^VV°



Substituting pw = 1000 kg/m3 and g = 9.81 m/s2, we have = 1000^9.81^1=9810^ m3 \ s 2 / m3s2



r



Since IN (newton) =



rrr



or



1 kg-m —, we have,



nr



I



S



1



7, = lx—s— x 9.81 = 9.81 kN/m3 cm-



In general, the unit weight of a soil mass may be obtained from the equation y=9.81pkN/m 3



(3.If)



where in Eq. (3. If), p is in g/cm3. For example, if a soil mass has a dry density, pd = 1.7 g/cm3, the dry unit weight of the soil is 7^=9.81 x 1.7= 16.68 kN/m3



3.2



(3.1g)



MASS-VOLUME RELATIONSHIPS



The phase-relationships in terms of mass-volume and weight-volume for a soil mass are shown by a block diagram in Fig. 3.1. A block of unit sectional area is considered. The volumes of the different constituents are shown on the right side and the corresponding mass/weights on the right and left sides of the block. The mass/weight of air may be assumed as zero. Volumetric Ratios There are three volumetric ratios that are very useful in geotechnical engineering and these can be determined directly from the phase diagram, Fig. 3.1. Weight
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M



Solids



Figure 3.1



Block diagram—three phases of a soil element
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1. The void ratio, e, is defined as



«=^



(3.2)



S



where, Vv = volume of voids, and Vs = volume of the solids. The void ratio e is always expressed as a decimal. 2. The porosity n is defined as n —



Vvv__



-I (\C\G1



/O O \



x luu /o



{->•->)



where, V - total volume of the soil sample. The porosity n is always expressed as a percentage. 3. The degree of saturation S is defined as 5=



^L X 100% v



(34)



where, Vw = volume of water It is always expressed as a percentage. When S = 0%, the soil is completely dry, and when S = 100%, the soil is fully saturated.



Mass-Volume Relationships The other aspects of the phase diagram connected with mass or weight can be explained with reference to Fig. 3.1.



Water Content, w The water content, w, of a soil mass is defined as the ratio of the mass of water, Mw, in the voids to the mass of solids, Ms, as



M



The water content, which is usually expressed as a percentage, can range from zero (dry soil) to several hundred percent. The natural water content for most soils is well under 100%, but for the soils of volcanic origin (for example bentonite) it can range up to 500% or more.



Density Another very useful concept in geotechnical engineering is density (or, unit weight) which is expressed as mass per unit volume. There are several commonly used densities. These may be defined as the total (or bulk), or moist density, pr; the dry density, pd; the saturated density, psat; the density of the particles, solid density, ps; and density of water pw. Each of these densities is defined as follows with respect to Fig. 3.1. Total density,



M pt = —



(3.6)
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s



Dry density,



pd = -y-



(3.7)



Saturated density,



M /?sat = —



(3.8)



Density of solids,



M? ps = —-



(3.9)



Density of water,



Mw Pw =~77L



(3.10)



forS= 100%



w



Specific Gravity The specific gravity of a substance is defined as the ratio of its mass in air to the mass of an equal volume of water at reference temperature, 4 °C. The specific gravity of a mass of soil (including air, water and solids) is termed as bulk specific gravity Gm. It is expressed as



r -?< -



M



™



The specific gravity of solids, Gs, (excluding air and water) is expressed by



_ P, _



M



(3J2)



,



Interrelationships of Different Parameters We can establish relationships between the different parameters defined by equations from (3.2) through (3.12). In order to develop the relationships, the block diagram Fig. 3.2 is made use of. Since the sectional area perpendicular to the plane of the paper is assumed as unity, the heights of the blocks will represent the volumes. The volume of solids may be represented as Vs = 1 . When the soil is fully saturated, the voids are completely filled with water. Relationship Between e and n (Fig. 3.2)



l +e



(3.13)



1-n Relationship Between e, Gs and S Case 1: When partially saturated (S < 100%)



p
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Therefore, 5 =



wG



- or e =
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wG -



(3.14a)



Case 2: When saturated (S = 100%) From Eq. (3.14a), we have (for 5=1) e = wG.



(3.14b)



Relationships Between Density p and Other Parameters The density of soil can be expressed in terms of other parameters for cases of soil (1) partially saturated (5 < 100%); (2) fully saturated (S = 100%); (3) Fully dry (S = 0); and (4) submerged. Case 1: For S < 100% Pt =



~



V



l +e



From Eq. (3.1 4a) w = eS/Gs;



p=



'



(3.15)



l +e



substituting for w in Eq. (3.15), we have



1«



(3.16)



Case 2: For S= 100% From Eq. (3.16) (3.17) Case 3: For S = 0% FromEq. (3.16) (3.18)



l +e
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V=e Water -V= l+e
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Figure 3.2



Block diagram—three phases of a soil element
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Case 4: When the soil is submerged If the soil is submerged, the density of the submerged soil pb, is equal to the density of the saturated soil reduced by the density of water, that is



p (G + e) EsJ



--



p £s



Relative Density The looseness or denseness of sandy soils can be expressed numerically by relative density Dr, defined by the equation D



r=



e maX ~l e max min



* 10Q



(3.20)



in which e max = void ratio of sand in its loosest state having a dry density of pdm e mm = VO^ rati° m its densest state having a dry density of pdM e = void ratio under in-situ condition having a dry density of pd From Eq. (3.18), a general equation for e may be written as



Pd



Now substituting the corresponding dry densities for emax, em-m and e in Eq. (3.20) and simplifying, we have n _ Ur —



PdM vA Pd ~ Pdm



o rd



o - o VdM ^dm



im A 1 \J\J



/"5 O 1 \



U-^ 1 )



The loosest state for a granular material can usually be created by allowing the dry material to fall into a container from a funnel held in such a way that the free fall is about one centimeter. The densest state can be established by a combination of static pressure and vibration of soil packed in a container. ASTM Test Designation D-2049 (1991) provides a procedure for determining the minimum and maximum dry unit weights (or densities) of granular soils. This procedure can be used for determining Dr in Eq. (3.21).



3.3



WEIGHT-VOLUME RELATIONSHIPS



The weight-volume relationships can be established from the earlier equations by substituting yfor p and W for M. The various equations are tabulated below. 1. Water content



W w = -j^ L xlOO



(3.5a)



s



2. Total unit weight



W ^ = 17



(3.6a)



3. Dry unit weight



Ws yd=—j-



(3.7a)
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4. Saturated unit weight



W ysal = —



5. Unit weight of solids



yfs=~y~



6. Unit weight of water



YW=~V~~
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(3.8a)



W



s



(3.9a)



w



(3.10a)



w



1. Mass specific gravity



W G=-



(3.1 la)



'w



si



8. Specific gravity of solids



WS _ ~Vv



s



(3.12a)



s'w



9. Total unit weight for 5 < 100



G Y (1 + w) y =-£^z -



or 10. Saturated unit weight



(3.15a)



1+e Y (G +e) Y^=— —-1+ e



(3.17a)



11. Dry unit weight



Y G yd = -!K— *-



(3. 1 8a)



12. Submerged unit weight



Y (G -1) Yh=— —-l+e



(3.19a)



13. Relative density



1+e



r _ Y dM „ Yd ~ Y dm



n



~T~ v 'd



3.4



idM



T^



(3.21a)



f dm



COMMENTS ON SOIL PHASE RELATIONSHIPS



The void ratios of natural sand deposits depend upon the shape of the grains, the uniformity of grain size, and the conditions of sedimentation. The void ratios of clay soils range from less than unity to 5 or more. The soils with higher void ratios have a loose structure and generally belong to the montmorillonite group. The specific gravity of solid particles of most soils varies from 2.5 to 2.9. For most of the calculations, G5 can be assumed as 2.65 for cohesionless soils and 2.70 for clay soils. The dry unit weights (yd) of granular soils range from 14 to 18 kN/m3, whereas, the saturated unit weights of fine grained soils can range from 12.5 to 22.7 kN/m3. Table 3.1 gives typical values of porosity, void ratio, water content (when saturated) and unit weights of various types of soils.
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Table 3.1 Soil no.



Porosity, void ratio, water content, and unit weights of typical soils in natural state



Description of soil



Porosity n



Void ratio



Water content



%



e



w%



1



2



3



4



5



1



Uniform sand, loose Uniform sand, loose Mixed-grained sand, loose
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0.85 0.51 0.67 0.43 0.25 1.20 0.60 1.90 3.00 5.20



32 19 25 16



2 3 4 5 6 7 8 9 10



Mixed-grained sand, dense Glacial till, mixed grained Soft glacial clay Soft glacial clay Soft slightly organic clay Soft highly organic clay Soft bentonite



34 40 30 20 55 37 66 75 84



Unit weight kN/m 3 rd 6 14.0



'sat



7



17.0



18.5 20.5



15.6



19.5



18.2



21.2



9



20.8



45 22



11.9 16.7



22.7 17.3



70



9.1



20.3 15.5



110 194



6.8



14.0



4.2



12.4



Example 3.1 A sample of wet silty clay soil has a mass of 126 kg. The following data were obtained from laboratory tests on the sample: Wet density, pt = 2.1 g/cm3, G = 2.7, water content, w - 15%. Determine (i) dry density, pd, (ii) porosity, (iii) void ratio, and (iv) degree of saturation. Solution



Mass of sample M = 126 kg. Volume



V=



126 = 0.06 m 2.1 x l O 3



Now, Ms + Mw = M, or M y + wM y = M ? (l + w) = M



Therefore,



M. = -^— = -— = 109.57 kg; MH ,=M ^ l + w 1.15



s=



Mass



Volume Air



Water



M,.



M Solids-



Figure Ex. 3.1



M,



16.43 kg
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Now,



Vw =



pw



Gspw
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= = 0.01643 m 3 ; 1000



2.7x1000



=



0.04058



= V-V= 0.06000 - 0.04058 = 0.01942 m3 . (i)



Dry density, /?.=—*- = j ^ ^ y 0.06



= 1826.2



kg/m3



(ii) Porosity, n^xlOO~ f t 0 1 9 4 2 x l 0 ° = 32.37% V 0.06 (iii) Void ratio, e = ^-= Q-01942 =0.4786 V; 0.04058 (i v) Degree of saturation, S = -*- x 1 00 = °'01 43 x 1 00 = 84.6% V. 0.01942



Example 3.2 Earth is required to be excavated from borrow pits for building an embankment. The wet unit weight of undisturbed soil is 1 8 kN/m3 and its water content is 8%. In order to build a 4 m high embankment with top width 2 m and side slopes 1:1, estimate the quantity of earth required to be excavated per meter length of embankment. The dry unit weight required in the embankment is 15 kN/m3 with a moisture content of 10%. Assume the specific gravity of solids as 2.67. Also determine the void ratios and the degree of saturation of the soil in both the undisturbed and remolded states. Solution



The dry unit weight of soil in the borrow pit is 7d, = -£- = — = 16.7 kN/m3 l + w 1.08 Volume of embankment per meter length Ve 2



The dry unit weight of soil in the embankment is 15 kN/m3 2m —|



Figure Ex. 3.2
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Chapter 3 Volume of earth required to be excavated V per meter V = 24 x— = 21.55m3 16.7



Undisturbed state V5 =-^- = — x— = 0.64 m3; V =1-0.64 = 0.36 m 3 Gjw 2.67 9.81



n ^^>



e = —- = 0.56, W =18.0-16.7 = 1.3 kN 0.64



V Degree of saturation, S = —— x 100 , where V



9.8i = 0.133 m Now,



3



£ = -9^x100 = 36.9% 0.36



Remolded state



Vs =-^- = --- = 0.57 m3 Gyw 2.67x9.81 y v = 1-0.57 = 0.43 m3 e=



0.43 = 0.75; 7, = yd (1 + w) = 15 x 1.1 = 16.5 kN/m3 0.57



Therefore,



W =16.5-15.0 = 1.5 kN



Vww = — = 0.153 m 3 9.81 0.43



Example 3.3 The moisture content of an undisturbed sample of clay belonging to a volcanic region is 265% under 100% saturation. The specific gravity of the solids is 2.5. The dry unit weight is 21 Ib/ft3. Determine (i) the saturated unit weight, (ii) the submerged unit weight, and (iii) void ratio. Solution (i) Saturated unit weight, ysat = y W=W w + Ws = w Wa + Ws = W s(^ l + w)'



W W From Fig. Ex. 3.3, Yt= — = — =W. Hence
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Water



W=Y,



V=l



Figure Ex. 3.3



Yt = 21(1 + 2.65) = 21 x 3.65 = 76.65 lb/ft3 (ii) Submerged unit weight, yb Yb = ^sat - Yw = 76.65 - 62.4 = 14.25 lb/ft3 (iii) Void ratio, e



V5 = -^- = = 0.135 ft 3 Gtrw 2.5x62.4 Since 5 = 100% v =v



=WX Y



s



= 2.65x—



62.4



• V



K V



= 0.89 ft 3



0.89 = 6.59 0.135



Example 3.4 A sample of saturated clay from a consolidometer test has a total weight of 3.36 Ib and a dry weight of 2.32 Ib: the specific gravity of the solid particles is 2.7. For this sample, determine the water content, void ratio, porosity and total unit weight. Solution



w



W 336-232 = —a-x 100% = = 44.9% = 45% W. 2.32



0.45 x 2.7 = 1.215 1



e—



n=



l +e



1.215 = 0.548 or 54.8% 1 + 1.215



Yw(Gs+e) l +e



62.4(2.7 + 1.215) = 110.3 lb/ft3 1 + 1.215
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Example 3.5 A sample of silty clay has a volume of 14.88cm3, a total mass of 28.81 g, a dry mass of 24.83 g, and a specific gravity of solids 2.7. Determine the void ratio and the degree of saturation. Solution Void ratio Ms 5 _ _ 24.83 y _ -„„ = 92 J Gspw 2.7(1)



,



cm3



V = V- V = 14.88-9.2 = 5.68 cm3



V5



9.2



Degree of saturation M 28.81-24.83 w = —w— = - = 0.16 M 24.83 =0-70or70%



0.618



Example 3.6 A soil sample in its natural state has a weight of 5.05 Ib and a volume of 0.041 ft3. In an oven-dried state, the dry weight of the sample is 4.49 Ib. The specific gravity of the solids is 2.68. Determine the total unit weight, water content, void ratio, porosity, and degree of saturation. Solution



V



0.041 5 05 3 U3



W



-



- 4 49 **y 4.49



or 12.5%



V W 449 = ^, V= -"—= =0.0268 ft 3 s V G 2.68 x 62.4 V =V-V= 0.041-0.0268 = 0.0142 ft 3



0.0268 r\ £^'~)



n=— = —:- -0.3464 or 34.64% \+e 1 + 0.53 0125X168 0.53
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Example 3.7 A soil sample has a total unit weight of 16.97 kN/m3 and a void ratio of 0.84. The specific gravity of solids is 2.70. Determine the moisture content, dry unit weight and degree of saturation of the sample. Solution Degree of saturation [from Eq. (3.16a)] or 1



=



'



l +e



=



=



1 + 0.84



Dry unit weight (Eq. 3.18a)



d



l +e



1 + 0.84



Water content (Eq. 3.14a1 Se 0.58x0.84 — = -n i=o0.18 or 18% G 2.7



w-



Example 3.8 A soil sample in its natural state has, when fully saturated, a water content of 32.5%. Determine the void ratio, dry and total unit weights. Calculate the total weight of water required to saturate a soil mass of volume 10 m3. Assume G^ = 2.69. Solution Void ratio (Eq. 3.14a) =



^ = 32.5 x 2.69 S (l)xlOO



Total unit weight (Eq. 3.15a) =



'



. l +e



)= 2*9 (9-81)0 + 0323) = 1 + 0.874



,



Dry unit weight (Eq. 3.18a)



d



L&___ 2.69x9.81 = 1 4 Q 8 k N / m 3 l +e 1 + 0.874



FromEq. (3.6a), W=ytV= 18.66 x 10= 186.6 kN From Eq. (3.7a), Ws = ydV= 14.08 x 10 = 140.8 kN Weight of water =W-WS= 186.6 - 140.8 = 45.8 kN



3.5



INDEX PROPERTIES OF SOILS



The various properties of soils which would be considered as index properties are: 1 . The size and shape of particles. 2. The relative density or consistency of soil.
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The index properties of soils can be studied in a general way under two classes. They are: 1. Soil grain properties. 2. Soil aggregate properties. The principal soil grain properties are the size and shape of grains and the mineralogical character of the finer fractions (applied to clay soils). The most significant aggregate property of cohesionless soils is the relative density, whereas that of cohesive soils is the consistency. Water content can also be studied as an aggregate property as applied to cohesive soils. The strength and compressibility characteristics of cohesive soils are functions of water content. As such water content is an important factor in understanding the aggregate behavior of cohesive soils. By contrast, water content does not alter the properties of a cohesionless soil significantly except when the mass is submerged, in which case only its unit weight is reduced.



3.6



THE SHAPE AND SIZE OF PARTICLES



The shapes of particles as conceived by visual inspection give only a qualitative idea of the behavior of a soil mass composed of such particles. Since particles finer than 0.075 mm diameter cannot be seen by the naked eye, one can visualize the nature of the coarse grained particles only. Coarser fractions composed of angular grains are capable of supporting heavier static loads and can be compacted to a dense mass by vibration. The influence of the shape of the particles on the compressibility characteristics of soils are: 1. Reduction in the volume of mass upon the application of pressure. 2. A small mixture of mica to sand will result in a large increase in its compressibility. The classification according to size divides the soils broadly into two distinctive groups, namely, coarse grained and fine grained. Since the properties of coarse grained soils are, to a considerable extent, based on grain size distribution, classification of coarse grained soils according to size would therefore be helpful. Fine grained soils are so much affected by structure, shape of grain, geological origin, and other factors that their grain size distribution alone tells little about their physical properties. However, one can assess the nature of a mixed soil on the basis of the percentage of fine grained soil present in it. It is, therefore, essential to classify the soil according to grain size. The classification of soils as gravel, sand, silt and clay as per the different systems of classification is given in Table 2.2. Soil particles which are coarser than 0.075 mm are generally termed as coarse grained and the finer ones as silt, clay and peat (organic soil) are considered fine grained. From an engineering point of view, these two types of soils have distinctive characteristics. In coarse grained soils, gravitational forces determine the engineering characteristics. Interparticle forces are predominant in fine grained soils. The dependence of the behavior of a soil mass on the size of particles has led investigators to classify soils according to their size. The physical separation of a sample of soil by any method into two or more fractions, each containing only particles of certain sizes, is termed fractionation. The determination of the mass of material in fractions containing only particles of certain sizes is termed Mechanical Analysis. Mechanical analysis is one of the oldest and most common forms of soil analysis. It provides the basic information for revealing the uniformity or gradation of the materials within established size ranges and for textural classifications. The results of a mechanical analysis are not equally valuable in different branches of engineering. The size of the soil grains is of importance in such cases as construction of earth dams or railroad and highway embankments, where earth is used as a material that should satisfy definite specifications. In foundations of structures, data from mechanical analyses are generally illustrative; other properties such as compressibility and shearing resistance are of more importance. The normal method adopted for separation of particles in a fine grained
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soil mass is the hydrometer analysis and for the coarse grained soils the sieve analysis. These two methods are described in the following sections.



3.7



SIEVE ANALYSIS



Sieve analysis is carried out by using a set of standard sieves. Sieves are made by weaving two sets of wires at right angles to one another. The square holes thus formed between the wires provide the limit which determines the size of the particles retained on a particular sieve. The sieve sizes are given in terms of the number of openings per inch. The number of openings per inch varies according to different standards. Thus, an ASTM 60 sieve has 60 openings per inch width with each opening of 0.250 mm. Table 3.2 gives a set of ASTM Standard Sieves (same as US standard sieves). The usual procedure is to use a set of sieves which will yield equal grain size intervals on a logarithmic scale. A good spacing of soil particle diameters on the grain size distribution curve will be obtained if a nest of sieves is used in which each sieve has an opening approximately one-half of the coarser sieve above it in the nest. If the soil contains gravel, the coarsest sieve that can be used to separate out gravel from sand is the No. 4 Sieve (4.75 mm opening). To separate out the silt-clay fractions from the sand fractions, No. 200 sieve may be used. The intermediate sieves between the coarsest and the finest may be selected on the basis of the principle explained earlier. The nest of sieves consists of Nos 4 (4.75 mm), 8 (2.36 mm), 16 (1.18 mm) 30 (600 jun), 50 (300 pun), 100 (150 jim), and 200 (75 |im). The sieve analysis is carried out by sieving a known dry mass of sample through the nest of sieves placed one below the other so that the openings decrease in size from the top sieve downwards, with a pan at the bottom of the stack as shown in Fig. 3.3. The whole nest of sieves is given a horizontal shaking for about 10 minutes (if required, more) till the mass of soil remaining on each sieve reaches a constant value (the shaking can be done by hand or using a mechanical shaker, if available). The amount of shaking required depends on the shape and number of particles. If a sizable portion of soil is retained on the No. 200 sieve, it should be washed. This is done by placing the sieve with a pan at the bottom and pouring clean water on the screen. A spoon may be used to stir the slurry. The soil which is washed through is recovered, dried and weighed. The mass of soil recovered is subtracted from the mass retained on the No. 200 sieve before washing and added to the soil that has passed through the No. 200 sieve by dry sieving. The mass of soil required for sieve analysis is of oven-dried soil with all Table 3.2



US Standard sieves



Designation



Opening mm



Designation



Opening mm



2 in l /2 in % in 3/8 in



50.80 38.10 19.00 9.51 4.75 2.36 2.00 1.40 1.18 1.00 0.60



35 40 50 60 70 80 100 120 170 200 270



0.50 0.425 0.355 0.250 0.212 0.180 0.150 0.125 0.090 0.075 0.053



l



4 8 10 14 16 18 30
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Sample size for sieve analysis



Max particle size



Min. sample size in g



3 in 2 in 1 in



6000 4000 2000



1/2 in No. 4



1000 200



No. 10



100



the particles separated out by some means. The minimum size of sample to be used depends upon the maximum particle size as given in Table 3.3 (US Army Corps of Engineers). By determining the mass of soil sample left on each sieve, the following calculations can be made. 1. Percentage retained on any sieve



Figure 3.3



=



mass of soil retained ; xlOO total soil mass



(a) Sieve shaker and (b) a set of sieves for a test in the laboratory (Courtesy: Soiltest, USA)
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Figure 3.4



1 .8 .6 .4 .2 0.1.08 .06 .04 Particle size, mm (log scale)



.02



0.01



Particle-size distribution curve



2. Cumulative percentage retained on any sieve



Sum of percentages retained on all coarser sieves.



3. Percentage finer than any sieve size, P



100 per cent minus cumulative percentage retained.



The results may be plotted in the form of a graph on semi-log paper with the percentage finer on the arithmetic scale and the particle diameter on the log scale as shown in Fig. 3.4.



3.8



THE HYDROMETER METHOD OF ANALYSIS



The hydrometer method was originally proposed in 1926 by Prof. Bouyoucos of Michigan Agricultural College, and later modified by Casagrande (1931). This method depends upon variations in the density of a soil suspension contained in a 1000 mL graduated cylinder. The density of the suspension is measured with a hydrometer at determined time intervals; then the coarsest diameter of particles in suspension at a given time and the percentage of particles finer than that coarsest (suspended) diameter are computed. These computations are based on Stokes' formula which is described below.
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Stokes' Law Stokes (1856), an English physicist, proposed an equation for determining the terminal velocity of a falling sphere in a liquid. If a single sphere is allowed to fall through a liquid of indefinite extent, the terminal velocity, v can be expressed as,



v=rs-rw D2



^ >ZZ;



18// in which, J of fall of a sphere through a liquid = v - terminal velocity F 5 M



distance tlme



L =— f



Ys = unit weight of solid sphere Yw = unit weight of liquid H = absolute viscosity of liquid D = diameter of sphere. From Eq. (3.22), after substituting for v, we have _ i



-"/-



I^



lta-i)r w V7



(3 23)



-



in which ys = Gsyw If L is in cm, t is in min, y in g/cm3, \Ji in (g-sec)/cm2 and D in mm, then Eq. (3.23) may be written as



D(mm)



or



D=



where, K = I



' ^_i )7w V7 = A V7



30//



(3 24)



-



(3.25)



by assuming YW ~ lg/cm3 It may be noted here that the factor K is a function of temperature T, specific gravity Gs of particles and viscosity of water. Table 3.4a gives the values of K for the various values of Gs at different temperatures T. If it is necessary to calculate D without the use of Table 3.4a we can use Eq. (3.24) directly. The variation of n with temperature is required which is given in Table 3.4b.



Assumptions of Stokes Law and its Validity Stokes' law assumes spherical particles falling in a liquid of infinite extent, and all the particles have the same unit weight ys- The particles reach constant terminal velocity within a few seconds after they are allowed to fall. Since particles are not spherical, the concept of an equivalent diameter has been introduced. A particle is said to have an equivalent diameter Dg, if a sphere of diameter D having the same unit weight as the particle, has the same velocity of fall as the particle. For bulky grains De ~ D, whereas for flaky particles DID = 4 or more.
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Values of /(for use in Eq. (3.24) for several specific gravity of solids and temperature combinations



Temp °C



2.50



2.55



2.60



16



0.0151 0.0149 0.0148 0.0145 0.0143 0.0141 0.0140 0.0138 0.0137 0.0135 0.0133 0.0132 0.0130 0.0129 0.0128



0.0148 0.0146 0.0144 0.0143 0.0141 0.0139 0.0137 0.0136 0.0134 0.0133 0.0131 0.0130 0.0128 0.0127 0.0126



0.0146 0.0144 0.0142 0.0140 0.0139 0.0137 0.0135 0.0134 0.0132 0.0131 0.0129 0.0128 0.0126 0.0125 0.0124



17 18 19 20 21 22 23 24 25 26 27 28 29 30
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Gs of Soil Solids 2.65 2.70 0.0144 0.0142 0.0140 0.0138 0.0137 0.0135 0.0133 0.0132 0.0130 0.0129 0.0127 0.0126 0.0124 0.0123 0.0122



0.0141 0.0140 0.0138 0.0136 0.0134 0.0133 0.0131 0.0130 0.0128 0.0127 0.0125 0.0124 0.0123 0.0121 0.0120



2.75



2.80



2.85



0.0139 0.0138 0.0136 0.0134 0.0133 0.0131 0.0129 0.0128 0.0126 0.0125 0.0124 0.0122 0.0121 0.0120 0.0118



0.0139 0.0136 0.0134 0.0132 0.0131 0.0129 0.0128 0.0126 0.0125 0.0123 0.0122 0.0120 0.0119 0.0118 0.0117



0.0136 0.0134 0.0132 0.0131 0.0129 0.0127 0.0126 0.0124 0.0123 0.0122 0.0120 0.0119 0.0117 0.0116 0.0115



Table 3.4b Properties of distilled water (// = absolute viscosity) Temp °C



Unit weight of water, g/cm 3



Viscosity of water, poise



4 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30



1.00000 0.99897 0.99880 0.99862 0.99844 0.99823 0.99802 0.99780 0.99757 0.99733 0.99708 0.99682 0.99655 0.99627 0.99598 0.99568



0.01567 0.01111 0.0108 0.0105 0.01030 0.01005 0.00981 0.00958 0.00936 0.00914 0.00894 0.00874 0.00855 0.00836 0.00818 0.00801



The effect of influence of one particle over the other is minimized by limiting the mass of soil for sedimentation analysis to 60 g in a sedimentation jar of 103 cm3 capacity.
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Hydrometer Analysis Figure 3.5 shows a streamlined hydrometer of the type ASTM 152 H used for hydrometer analysis. The hydrometer possesses a long stem and a bulb. The hydrometer is used for the determination of unit weight of suspensions at different depths and particular intervals of time. A unit volume of soil suspension at a depth L and at any time / contains particles finer than a particular diameter D. The value of this diameter is determined by applying Stokes' law whereas the percentage finer than this diameter is determined by the use of the hydrometer. The principle of the method is that the reading of the hydrometer gives the unit weight of the suspension at the center of volume of the hydrometer. The first step in the presentation of this method is to calibrate the hydrometer. Let the sedimentation jar contain a suspension of volume V with total mass of solids Ms. Let the jar be kept vertically on a table after the solids are thoroughly mixed. The initial density p;. of the suspension at any depth z from the surface at time t = 0 may be expressed as _ M M + l ~V ~~G^



Pi=



_ M M + l »=~V ~^



P



(



where po = density of water at 4°C and pw density of water at test temperature T, and Gs = specific gravity of the solids. For all practical purposes po = pw = 1 g/cm3. After a lapse of time t, a unit volume of suspension at a depth z contains only particles finer than a particular diameter D, since particles coarser than this diameter have fallen a distance greater than z as per Stokes'law. The coarsest diameter of the particle in a unit volume of the suspension at depth z and time t is given by Eq. (3.24) where z = L. Let Md be the mass of all particles finer than D in the sample taken for analysis. The density of the suspension p, after an elapsed time t may be expressed as



MD where - = Mass of particles of diameter smaller than diameter D in the unit volume of



suspension at depth z at an elapsed time t. From Eq. (3.26b) we may write "



=



- T )



P



f -



(3.260



The ASTM 152 H type hydrometer, normally used for the analysis, is calibrated to read from 0 to 60 g of soil in a 1000 mL soil- water mixture with the limitation that the soil particles have a specific gravity G s = 2.65. The reading is directly related to the specific gravity of the suspension. In Eq. (3.26c) the mass of the solids MD in the suspension varies from 0 to 60 grams. The reading R on the stem of the hydrometer (corrected for meniscus) may be expressed as (3.26d)



where, Gs = 2.65, and V= 1000 mL p,= density of suspension per unit volume = specific gravity of the suspension.
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From Eq. (3.26d), it is clear that the ASTM 152H hydrometer is calibrated in such a way that the reading on the stem will be R = 0 when pf= 1, and R = 60 when pf= 1.0374 The ASTM 152 H hydrometer gives the distance of any reading R on the stem to the center of volume and is designated as L as shown in Fig. 3.5. The distance L varies linearly with the reading R. An expression for L may be written as follows for any reading R for the ASTM 152 H hydrometer (Fig. 3.5). (3-27)



£ =A+Y where L{ = distance from reading R to the top of the bulb L2 = length of hydrometer bulb = 14 cm for ASTM 152 H hydrometer



When the hydrometer is inserted into the suspension, the surface of the suspension rises as shown in Fig. 3.6. The distance L in Fig. 3.6 is the actual distance through which a particle of diameter D has fallen. The point at level A j at depth L occupies the position A2 (which coincides with the center of volume of the hydrometer) in the figure after the immersion of the hydrometer and correspondingly the surface of suspension rises from Bl to B2. The depth L' is therefore greater than L through which the particle of diameter D has fallen. The effective value of L can be obtained from the equation



T



Meniscus



Ra



Vh/Aj



L



L'



Meniscus



60



Vh/2Aj



X



Center of bulb



V Figure 3.5 ASTM 152 H type hydrometer



Before the immersion of hydrometer



Figure 3.6



After the immersion of hydrometer



Immersion correction
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Table 3.5



Values of L (effective depth) for use in Stokes' formula for diameters of particles for ASTM soil hydrometer 152H



Original hydrometer reading Effective (corrected for depth L meniscus only) cm



Original hydrometer reading (corrected for meniscus only)



Effective depth L cm



Original hydrometer reading (corrected for meniscus only)



Effective depth L cm



0 1



16.3



21



12.9



42



9.4



16.1



22



12.7



43



9.2



2



16.0 15.8



23



9.1



45



8.9



15.6



25



12.5 12.4 12.2



44



24



46



8.8



5



15.5



26



12.0



47



8.6



6



15.3



27



48



8.4



7



28



8.3 8.1



30



11.5 11.4



49 50



9



15.2 15.0 14.8



11.9 11.7



51



7.9



10



14.7



31



11.2



52



7.8



11



14.5



32



11.1



53



7.6



12



14.3



33



10.9



54



7.4



13



14.2 14.0



34



10.7 10.5 10.4 10.2



55



7.3



56



7.1



57 58



7.0 6.8



10.1



59



6.6



9.9



60



6.5



3 4



8



14 15



35



36 37 38 39 40 41



13.8 13.7



16 17



13.5



18 19



13.3 13.2



20



13.0



L- L'



29



V,h



J \\ — Li,



2A



j



1 2



9.7 9.6



y



J Li~. A



;



(3.28)



where Vh = volume of hydrometer (152 H) = 67 cm3; A. = cross-sectional area of the sedimentation cylinder = 27.8 cm2 for 1000 mL graduated cylinder . For an ASTM 152 H hydrometer, the value of L for any reading R (corrected for meniscus) may be obtained from L = 16.3 -0.1641 R



(3.29)



Table 3.5 gives the values of L for various hydrometer readings of R for the 152 H hydrometer. Determination of Percent Finer The ASTM 152 H hydrometer is calibrated to read from 0 to 60 g of soil in a 1000 mL suspension with the limitation that the soil has a specific gravity G = 2.65. The reading is, of course, directly
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related to the specific gravity of the suspension. The hydrometer gives readings pertaining to the specific gravity of the soil-water suspension at the center of the bulb. Any soil particles larger than those still in suspension in the zone shown as L (Fig 3.5) have fallen below the center of volume, and this constantly decreases the specific gravity of the suspension at the center of volume of the hydrometer. Lesser the specific gravity of the suspension, the deeper the hydrometer will sink into the suspension. It must also be remembered here, that the specific gravity of water decreases as the temperature rises from 4° C. This will also cause the hydrometer to sink deeper into the suspension. The readings of the hydrometer are affected by the rise in temperature during the test. The temperature correction is a constant. The use of a dispersing agent also affects the hydrometer reading. Corrections for this can be obtained by using a sedimentation cylinder of water from the same source and with the same quantity of dispersing agent as that used in the soil-water suspension to obtain a zero correction. This jar of water should be at the same temperature as that of the soil water suspension. A reading of less than zero in the standard jar of water is recorded as a (-) correction value; a reading between 0 and 60 is recorded as a (+) value. All the readings are laken to the top of the meniscus in both the standard jar (clear water) and soil suspension. If the temperature during the test is quite high, the density of water will be equally less and hydrometer will sink too deep. One can use a temperature correction for the soil-water suspension. Table 3.6 gives the values of temperature correlation Cr The zero correction Co can be (±) and the temperature correction also has (±) sign. The actual hydrometer reading Ra has to be corrected as follows 1. correction for meniscus Cm only for use in Eq. (3.24) 2. zero correction Co and temperature correction Crfor obtaining percent finer. Reading for use in Eq. (3.24) R = Ra+Cm



(3.30a)



Reading for obtaining percent finer R



c=Ra-Co+CT



(3.30b)



Percent Finer The 152 H hydrometer is calibrated for a suspension with a specific gravity of solids Gs = 2.65. If the specific gravity of solids used in the suspension is different from 2.65, the percent finer has to be corrected by the factor C expressed as



Table 3.6



Temperature correction factors CT



Temp °C



CT



Temp °C



CT



15 16 17 18 19 20 21 22



-1.10 -0.90 -0.70 -0.50 -0.30 0.00 +0.20 +0.40



23 24 25 26 27 28 29 30



+0.70 + 1.00 +1.30 + 1.65 +2.00 +2.50 +3.05 +3.80
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C



58



=



1.65G



i— 2.65(G? -1)



(3.31)



Typical values of C? are given in Table 3.7. Now the percent finer with the correction factor Cs may be expressed as Percent finer, where



Rc



P' =



M



xlOO



(3.32)



=



grams of soil in suspension at some elapsed time t [corrected hydrometer reading from Eq. (3.30b)] Ms = mass of soil used in the suspension in gms (not more than 60 gm for 152 H hydrometer) Eq. (3.32) gives the percentage of particles finer than a particle diameter D in the mass of soil Ms used in the suspension. If M is the mass of soil particles passing through 75 micron sieve (greater than M) and M the total mass taken for the combined sieve and hydrometer analysis, the percent finer for the entire sample may be expressed as Percent finer(combined),



P = P'% x



(3.33)



M



Now Eq. (3.33) with Eq. (3.24) gives points for plotting a grain size distribution curve. Test procedure The suggested procedure for conducting the hydrometer test is as follows: 1. Take 60 g or less dry sample from the soil passing through the No. 200 sieve 2. Mix this sample with 125 mL of a 4% of NaPO3 solution in a small evaporating dish 3. Allow the soil mixture to stand for about 1 hour. At the end of the soaking period transfer the mixture to a dispersion cup and add distilled water until the cup is about two-thirds full. Mix for about 2 min. 4. After mixing, transfer all the contents of the dispersion cup to the sedimentation cylinder, being careful not to lose any material Now add temperature-stabilized water to fill the cylinder to the 1000 mL mark. 5. Mix the suspension well by placing the palm of the hand over the open end and turning the cylinder upside down and back for a period of 1 min. Set the cylinder down on a table. 6. Start the timer immediately after setting the cylinder. Insert the hydrometer into the suspension just about 20 seconds before the elapsed time of 2 min. and take the first reading at 2 min. Take the temperature reading. Remove the hydrometer and the thermometer and place both of them in the control jar. 7. The control jar contains 1000 mL of temperature-stabilized distilled water mixed with 125 mL of the same 4% solution of NaPO3. Table 3.7 Gs of soil solids



Correction factors C



Correction factor C



for unit weight of solids Gs of soil solids



Correction factor C



2.85



0.96



2.65



1.00



2.80



0.97



2.60



1.01



2.75



0.98



2.55



1.02



0.99



2.50



1.04



2.70
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8. The hydrometer readings are taken at the top level of the meniscus in both the sedimentation and control jars. 9. Steps 6 through 8 are repeated by taking hydrometer and temperature readings at elapsed times of 4, 8, 16, 30, 60 min. and 2, 4, 8, 16, 32, 64 and 96 hr. 10. Necessary computations can be made with the data collected to obtain the graindistribution curve.



3.9



GRAIN SIZE DISTRIBUTION CURVES



A typical set of grain size distribution curves is given in Fig. 3.7 with the grain size D as the abscissa on the logarithmic scale and the percent finer P as the ordinate on the arithmetic scale. On the curve C{ the section AB represents the portion obtained by sieve analysis and the section B'C' by hydrometer analysis. Since the hydrometer analysis gives equivalent diameters which are generally less than the actual sizes, the section B'C' will not be a continuation of AB and would occupy a position shown by the dotted curve. If we assume that the curve BC is the actual curve obtained by sketching it parallel to B'C', then at any percentage finer, say 20 per cent, the diameters Da and De represent the actual and equivalent diameters respectively. The ratio of Da to Dg can be quite high for flaky grains. The shapes of the curves indicate the nature of the soil tested. On the basis of the shapes we can classify soils as: 1 . Uniformly graded or poorly graded. 2. Well graded. 3. Gap graded. Uniformly graded soils are represented by nearly vertical lines as shown by curve C2 in Fig. 3.7. Such soils possess particles of almost the same diameter. A well graded soil, represented by curve Cp possesses a wide range of particle sizes ranging from gravel to clay size particles. A gap graded soil, as shown by curve C3 has some of the sizes of particles missing. On this curve the soil particles falling within the range of XY are missing. The grain distribution curves as shown in Fig. 3.7 can be used to understand certain grain size characteristics of soils. Hazen (1893) has shown that the permeability of clean filter sands in a loose state can be correlated with numerical values designated D10, the effective grain size. The effective grain size corresponds to 10 per cent finer particles. Hazen found that the sizes smaller than the effective size affected the functioning of filters more than did the remaining 90 per cent of the sizes. To determine whether a material is uniformly graded or well graded, Hazen proposed the following equation: _ D 60



where D60 is the diameter of the particle at 60 per cent finer on the grain size distribution curve. The uniformity coefficient, Cu, is about one if the grain size distribution curve is almost vertical, and the value increases with gradation. For all practical purposes we can consider the following values for granular soils. Cu > 4 Cu > 6 C 
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Figure 3.18(a)
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y



y y // ^o> »& - - X J — = 0.0064 mm. V (2.7-1) V60 From Eq. (3.31)



From Table 3.6 for T= 25 °C, C r = +1.3. Therefore, Rc =19.5-2.5 + 1.3=18.3 From Eqs (3.32) and (3.31), we have CR Ms = sg



1.65X2.7 2.65(2.7-1)



, Csg =



1.65G. 2.65(G-1)



p.%



50



Example 3.11 A 500 g sample of dry soil was used for a combined sieve and hydrometer analysis (152 H type hydrometer). The soil mass passing through the 75 fi sieve = 120 g. Hydrometer analysis was carried out on a mass of 40 g that passed through the 75 (Ji sieve. The average temperature recorded during the test was 30°C. Given: Gs = 2.55, Cm (meniscus) = 0.50, Co = +2.5, n = 8.15 x 10~3 poises. The actual hydrometer reading Ra = 15.00 after a lapse of 120 min after the start of the test. Determine the particle size D and percent finer P'% and P%. Solution



From Eq. (3.29) L =16.3-0.16417?
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where, R = Ra + Cm = 15.0 + 0.5 = 15.5 L = 16.3 - 0.1641 x 15.5 = 13.757 From Eq. (3.24) 30x8.15xlO- 6 13.757 ^ 0 x.| =0.0043 mm 2.55-1 From Eq. (3.32) Percent finer, P'% =



CS8 Rc



M



x 100



From Table 3.7, C = 1.02 for Gs =2.55 From Table 3.6, Cr = +3.8 for T= 30 °C Now, Rc = Ra- Co + CT = 15 - 2.5 + 3.8 = 16.3



Now, / " = L 0 2 x l 6 3 x 100 = 41.57% 40



P% = 41.57 x — 500



Example 3.12 500 g of dry soil was used for a sieve analysis. The masses of soil retained on each sieve are given below: US standard sieve



Mass in



Mass in g



US standard sieve



2.00 mm



10



500 fj.



135



1 .40 mm



18



250 jU



145



1.00mm



60



125/1



56



75 fji



45



g



Plot a grain size distribution curve and compute the following: (a) Percentages of gravel, coarse sand, medium sand, fine sand and silt, as per the Unified Soil Classification System, (b) uniformity coefficient (c) coefficient of curvature. Comment on the type of soil. Solution Computation of percent finer US stand-



Diameter, D



Mass



%



Cumulative



%



ard sieve



of grains in mm



retained in g



retained



% retained



finer P



2.00 mm



2.00



10



2.0



2.0



98.0



1 .40 mm 1.00mm



1.40



18 60



5.6 17.6



94.4



500/1



1.00 0.500



3.6 12.0 27.0



250 fj, 125/1 75 p.



0.25 0.125 0.075



135 145



56 45



29.0 11.2 9.0



44.6 73.6 84.8



93.8



82.4 55.4 26.4 15.2 6.2
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Gravel



90 80



^\



70



60%



g 60 6 1 < Cc < 3



Above A



1 . Determine percentages of sand and gravel from grain-size curve. 2. Depending on percentages of fines (fraction smaller than 200 sieve size), coarse-grained soils are classified as follows: Less than 5%-GW, GP, SW, SP More than 12%-GM, GC, SM, SC 5 to 12%-Borderline cases requiring dual symbols



c



-=ft



Peat and other highly organic soils



£ o



Gravels and sands are GM, GC, SM, or SC if more than 12 percent passes the No. 200 sieve; M = silt; C = clay. The silt or clay designation is determined by performing the liquid and plastic limit tests on the (-) No. 40 fraction and using the plasticity chart of Fig. 3.22. This chart is also a Casagrande contribution to the USC system, and the A line shown on this chart is sometimes called Casagrande's A line.
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Figure 3.22



Plasticity chart for fine-grained soils



The chart as presented here has been slightly modified based on the Corps of Engineers findings that no soil has so far been found with coordinates that lie above the "upper limit" or U line shown. This chart and lines are part of the ASTM D 2487 standard. 3. Gravels and sands are (note using dual symbols) GW-GC SW-SC GP-GC SP-SC, or GW-GM SW-SM GP-GM SP-SM if between 5 and 12 percent of the material passes the No. 200 sieve. It may be noted that the M or C designation is derived from performing plastic limit tests and using Casagrande's plasticity chart. 4. Fine-grained soils (more than 50 percent passes the No. 200 sieve) are: ML, OL, or CL if the liquid limits are < 50 percent; M = silt; O = organic soils; C = clay. L = Less than 50 percent for \vt Fine grained soils are MH, OH, or CH if the liquid limits are > 50 percent; H = Higher than 50 percent. Whether a soil is a Clay (C), Silt (M), or Organic (O) depends on whether the soil coordinates plot above or below the A line on Fig. 3.22. The organic (O) designation also depends on visual appearance and odor in the USC method. In the ASTM method the O designation is more specifically defined by using a comparison of the air-dry liquid limit vv/ and the oven-dried w'r If the oven dried value is 0.75w and the appearance and odor indicates "organic" then classify the soil as O.
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Table 3.18



Unified Soil Classification System —fine-grained soils (more than half of material is larger than No. 200 sieve size)



Soil



Major divisions



Liquid limit less than 50



Silt and clays



Highly organic soils



Liquid limit more than 50



Identification procedures on fraction smaller than No. 40 sieve size



Group symbols



Dry strength



Dilatancy



Toughness



ML



None to slight



Quick to slow



None



CL



Medium to high



None to very slow



Medium



OL



Slight to medium



Slow



Slight



MH



Slight to medium



Slow to none



Slight to medium



CH



High to very high



None



High



OH



Medium to high



None to very slow



Slight to medium



Pt



Readily identified by color, odor, spongy feel and frequently by fibrous texture



The liquid and plastic limits are performed on the (-) No. 40 sieve fraction of all of the soils, including gravels, sands, and the fine-grained soils. Plasticity limit tests are not required for soils where the percent passing the No. 200 sieve < 5 percent. The identification procedure of fine grained soils are given in Table 3.18. A visual description of the soil should accompany the letter classification. The ASTM standard includes some description in terms of sandy or gravelly, but color is also very important. Certain areas are underlain with soil deposits having a distinctive color (e.g., Boston blue clay, Chicago blue clay) which may be red, green, blue, grey, black, and so on. Geotechnical engineers should become familiar with the characteristics of this material so the color identification is of considerable aid in augmenting the data base on the soil.
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COMMENTS ON THE SYSTEMS OF SOIL CLASSIFICATION



The various classification systems described earlier are based on: 1. The properties of soil grains. 2. The properties applicable to remolded soils. The systems do not take into account the properties of intact materials as found in nature. Since the foundation materials of most engineering structures are undisturbed, the properties of intact materials only determine the soil behavior during and after construction. The classification of a soil according to any of the accepted systems does not in itself enable detailed studies of soils to be dispensed with altogether. Solving flow, compression and stability problems merely on the basis of soil classification can lead to disastrous results. However, soil classification has been found to be a valuable tool to the engineer. It helps the engineer by giving general guidance through making available in an empirical manner the results of field experience.
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Example 3.20 A sample of inorganic soil has the following grain size characteristics Size (mm)



Percent passing



2.0 (No. 10)



95



0.075 (No. 200)



75



The liquid limit is 56 percent, and the plasticity index 25 percent. Classify the soil according to the AASHTO classification system. Solution



Percent of fine grained soil = 75 Computation of Group Index [Eq. (3.56a)]:



a = 75 - 35 = 40 b = 75 - 15 = 60 c = 56-40 = 16, d=25-W= 15 Group Index, GI = 0.2 x 40 + 0.005 x 40 x 16 + 0.01 x 60 x 15 = 20.2 On the basis of percent of fine-grained soils, liquid limit and plasticity index values, the soil is either A-7-5 or A-7-6. Since (wl - 30)= 56 - 30 = 26 > / (25), the soil classification isA-7-5(20).



Example 3.21 Mechanical analysis on four different samples designated as A, B, C and D were carried out in a soil laboratory. The results of tests are given below. Hydrometer analysis was carried out on sample D. The soil is non-plastic. Sample D: liquid limit = 42, plastic limit = 24, plasticity index =18 Classify the soils per the Unified Soil Classification System. Samples ASTM Sieve Designation



A B Percentage finer than



C



D



63.0 mm 20.0 mm 6.3 2.0mm 600 JLI 212 ji 63 ji 20 n 6(1 2 |i



100 64 39 24 12 5 1



93 76 65 59 54 47 34 23 7 4



100 95 69 46 31



100 98 90 9 2
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Cobbles (> 76.2 mm)



0.01



0.001



100



0.075 0.1 1 Particle size (mm)



Figure Ex. 3.21 Solution Grain size distribution curves of samples A, B, C and D are given in Fig. Ex. 3.21. The values of Cu and Cc are obtained from the curves as given below. Sample



D



10



^30



60



cu



D



cc



A



0.47



3.5



16.00



34.0



1.60



B



0.23



0.30



0.41



1.8



0.95



C



0.004



0.036



2.40



600.0



0.135



Sample A: Gravel size particles more than 50%, fine grained soil less than 5%. Cu, greater than 4, and Cc lies between 1 and 3. Well graded sandy gravel classified as GW. Sample/?: 96% of particles are sand size. Finer fraction less than 5%. Cu = 1.8, C, is not between 1 and 3. Poorly-graded sand, classified as SP. Sample C: Coarse grained fraction greater than 66% and fine grained fraction less than 34%. The soil is non-plastic. Cu is very high but Cc is only 0.135. Gravel-sandsilt mixture, classified as CM. Sample/): Finer fraction 95% with clay size particles 31%. The point plots just above the A-line in the CL zone on the plasticity chart. Silty-clay of low plasticity, classified as CL.



Example 3.22 The following data refers to a silty clay that was assumed to be saturated in the undisturbed condition. On the basis of these data determine the liquidity index, sensitivity, and void ratio of the saturated soil. Classify the soil according to the Unified and AASHTO systems. Assume G = 2.7.
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Index property Unconfmed compressive strength, qu kN/m 2



Undisturbed



Remolded



244 kN/m 2



144 kN/m2



22



22 45 20 12 90



Water content, % Liquid limit, % Plastic limit, % Shrinkage limit, % % passing no. 200 sieve
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Solution Liquidity Index, /, =



wn-w



'



Wf-w



—=



22-20 45-20



= 0.08



Sensitivity,



q undisturbed 244 5 =— = = 1.7 q'u disturbed 144



Void ratio,



V e=— V,



ForS=l,e = wGs = 0.22 x 2.7 = 0.594. Unified Soil Classification Use the plasticity chart Fig. 3.22. w, = 45, / = 25. The point falls above the A-line in the CL-zone, that is the soil is inorganic clay of low to medium plasticity. AASHTO System Group Index GI = 0.2a + 0.005ac + 0.01 bd



a = 90 - 35 = 55 £ = 90-15 = 75 c



= 45 ~ 40 = 5



d = 25 - 10 = 15 (here Ip = wt - wp = 45 - 20 = 25) Group index GI = 0.2 x 55 + 0.005 x 55 x 5 + 0.01 x 75 x 15 = 11 + 1.315+ 11.25 = 23.63 or say 24 Enter Table 3.15 with the following data % passing 200 sieve =



90%



Liquid limit



=



45%



Plasticity index



=



25%



With this, the soil is either A-7-5 or A-7-6. Since (wl - 30) = (45 - 30) = 15 < 25 (/ ) the soil is classified as A-7-6. According to this system the soil is clay, A-7-6 (24).
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PROBLEMS



3.1 A soil mass in its natural state is partially saturated having a water content of 17.5% and a void ratio of 0.87. Determine the degree of saturation, total unit weight, and dry unit weight. What is the weight of water required to saturate a mass of 10 m3 volume? Assume G^ = 2.69. 3.2 The void ratio of a clay sample is 0.5 and the degree of saturation is 70%. Compute the water content, dry and wet unit weights of the soil. Assume Gs = 2.7. 3.3 A sample of soil compacted according to a standard Proctor test has a unit weight of 130.9 lb/ft3 at 100% compaction and at optimum water content of 14%. What is the dry unit weight? If the voids become filled with water what would be the saturated unit weight? Assume Gs = 2.67. 3.4 A sample of sand above the water table was found to have a natural moisture content of 15% and a unit weight of 18.84 kN/m3. Laboratory tests on a dried sample indicated values of emin = 0.50 and emax - 0.85 for the densest and loosest states respectively. Compute the degree of saturation and the relative density. Assume Gs = 2.65. 3.5 How many cubic meters of fill can be constructed at a void ratio of 0.7 from 119,000 m3 of borrow material that has a void ratio of 1.2? 3.6 The natural water content of a sample taken from a soil deposit was found to be 11.5%. It has been calculated that the maximum density for the soil will be obtained when the water content reaches 21.5%. Compute how much water must be added to 22,500 Ib of soil (in its natural state) in order to increase the water content to 21.5%. Assume that the degree of saturation in its natural state was 40% and G = 2.7. 3.7 In an oil well drilling project, drilling mud was used to retain the sides of the borewell. In one liter of suspension in water, the drilling mud fluid consists of the following material:



3.8



3.9



3.10



3.11



Material



Mass



Sp.gr



Clay Sand Iron filings



(g) 410 75 320



2.81 2.69 7.13



Find the density of the drilling fluid of uniform suspension. In a field exploration, a soil sample was collected in a sampling tube of internal diameter 5.0 cm below the ground water table. The length of the extracted sample was 10.2 cm and its mass was 387 g. If G y = 2.7, and the mass of the dried sample is 313 g, find the porosity, void ratio, degree of saturation, and the dry density of the sample. A saturated sample of undisturbed clay has a volume of 19.2 cm3 and weighs 32.5 g. After oven drying, the weight reduces to 20.2 g. Determine the following: (a) water content, (b) specific gravity, (c) void ratio, and (d) saturated density of the clay sample. The natural total unit weight of a sandy stratum is 117.7 lb/ft3 and has a water content of 8%. For determining of relative density, dried sand from the stratum was filled loosely into a 1.06 ft3 mold and vibrated to give a maximum density. The loose weight of the sample in the mold was 105.8 Ib, and the dense weight was 136.7 Ib. If G9 = 2.66, find the relative density of the sand in its natural state. An earth embankment is to be compacted to a density of 120.9 lb/ft3 at a moisture content of 14 percent. The in-situ total unit weight and water content of the borrow pit are
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3.17



3.18



3.19



3.20



3.21



3.22
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114.5 lb/ft3 and 8% respectively. How much excavation should be carried out from the borrow pit for each ft3 of the embankment? Assume G^, = 2.68. An undisturbed sample of soil has a volume of 29 cm3 and weighs 48 g. The dry weight of the sample is 32 g. The value of Gs = 2.66. Determine the (a) natural water content, (b) insitu void ratio, (c) degree of saturation, and (d) saturated unit weight of the soil. A mass of soil coated with a thin layer of paraffin weighs 0.982 Ib. When immersed in water it displaces 0.011302 ft3 of water. The paraffin is peeled off and found to weigh 0.0398 Ib. The specific gravity of the soil particles is 2.7 and that of paraffin is 0.9. Determine the void ratio of the soil if its water content is 10%. 225 g of oven dried soil was placed in a specific gravity bottle and then filled with water to a constant volume mark made on the bottle. The mass of the bottle with water and soil is 1650 g. The specific gravity bottle was filled with water alone to the constant volume mark and weighed. Its mass was found to be 1510 g. Determine the specific gravity of the soil. It is required to determine the water content of a wet sample of silty sand weighing 400 g. This mass of soil was placed in a pycnometer and water filled to the top of the conical cup and weighed (M3). Its mass was found to be 2350 g. The pycnometer was next filled with clean water and weighed and its mass was found to be 2200 g (A/4). Assuming G^. = 2.67, determine the water content of the soil sample. A clay sample is found to have a mass of 423.53 g in its natural state. It is then dried in an oven at 105 °C. The dried mass is found to be 337.65 g. The specific gravity of the solids is 2.70 and the density of the soil mass in its natural state is 1700 kg/m3. Determine the water content, degree of saturation and the dry density of the mass in its natural state. A sample of sand in its natural state has a relative density of 65 percent. The dry unit weights of the sample at its densest and loosest states are respectively 114.5 and 89.1 lb/ft3. Assuming the specific gravity of the solids as 2.64, determine (i) its dry unit weight, (ii) wet unit weight when fully saturated, and (iii) submerged unit weight. The mass of wet sample of soil in a drying dish is 462 g. The sample and the dish have a mass of 364 g after drying in an oven at 110 °C overnight. The mass of the dish alone is 39 g. Determine the water content of the soil. A sample of sand above the water table was found to have a natural moisture content of 10% and a unit weight of 120 lb/ft3. Laboratory tests on a dried sample indicated values e mm ~ 0-45, and emax = 0.90 for the densest and loosest states respectively. Compute the degree of saturation, S, and the relative density, Df. Assume G^ = 2.65. A 50 cm3 sample of moist clay was obtained by pushing a sharpened hollow cylinder into the wall of a test pit. The extruded sample had a mass of 85 g, and after oven drying a mass of 60 g. Compute w, e, S, and pd. Gs = 2.7. A pit sample of moist quartz sand was obtained from a pit by the sand cone method. The volume of the sample obtained was 150 cm3 and its total mass was found to be 250 g. In the laboratory the dry mass of the sand alone was found to be 240 g. Tests on the dry sand indicated emax = 0.80 and emin = 0.48. Estimate ps, w, e, S, pd and Dr of the sand in the field. Given Gs = 2.67. An earthen embankment under construction has a total unit weight of 99.9 lb/ft3 and a moisture content of 10 percent. Compute the quantity of water required to be added per 100 ft3 of earth to raise its moisture content to 14 percent at the same void ratio. The wet unit weight of a glacial outwash soil is 122 lb/ft3, the specific gravity of the solids is GS = 2.67, and the moisture content of the soil is w = 12% by dry weight. Calculate (a) dry unit weight, (b) porosity, (c) void ratio, and (d) degree of saturation.
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3.24



Derive the equation e = wGs which expresses the relationship between the void ratio e, the specific gravity Gs and the moisture content w for full saturation of voids. 3.25 In a sieve analysis of a given sample of sand the following data were obtained. Effective grain size = 0.25 mm, uniformity coefficient 6.0, coefficient of curvature = 1.0. Sketch the curve on semilog paper. 3.26 A sieve analysis of a given sample of sand was carried out by making use of US standard sieves. The total weight of sand used for the analysis was 522 g. The following data were obtained. Sieve size in mm 4.750 2.000 1.000 0.500 0.355 0.180 0.125 0.075 Weight retained ing 25.75 61.75 67.00126.0 57.75 78.75 36.75 36.75 Pan 31.5 Plot the grain size distribution curve on semi-log paper and compute the following: (i) Percent gravel (ii) Percent of coarse, medium and fine sand (iii) Percent of silt and clay (iv) Uniformity coefficient (v) Coefficient of curvature 3.27 Combined mechanical analysis of a given sample of soil was carried out. The total weight of soil used in the analysis was 350 g. The sample was divided into coarser and finer fractions by washing it through a 75 microns sieve The finer traction was 125 g. The coarser fraction was used for the sieve analysis and 50 g of the finer fraction was used for the hydrometer analysis. The test results were as given below: Sieve analysis: Particle size



Mass retained g



Particle size



Mass retained g



4.75 mm



9.0



355 u



24.5



2.00 mm



15.5



180 n



49.0



1.40 mm



10.5



125 u



28.0



1.00mm



10.5



75 n



43.0



500 fi



35.0



A hydrometer (152 H type) was inserted into the suspension just a few seconds before the readings were taken. It was next removed and introduced just before each of the subsequent readings. Temperature of suspension = 25°C. Hydrometer analysis: Readings in suspension Time, min



Reading, Rg



1/4



28.00



1/2



2



24.00 20.50 17.20



4



12.00



8



8.50



15



6.21



1



Time, min



30 60 120 240 480 1440



Reading, Rg



5.10 4.25 3.10 2.30 1.30 0.70
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Meniscus correction Cm = +0.4, zero correction Co = +l.5,Gs = 2.75 (i) Show (step by step) all the computations required for the combined analysis, (ii) Plot the grain size distribution curve on semi-log paper (iii) Determine the percentages of gravel, sand, and fine fractions present in the sample (iv) Compute the uniformity coefficient and the coefficient of curvature (v) Comment on the basis of the test results whether the soil is well graded or not 3.28 Liquid limit tests were carried out on two given samples of clay. The test data are as given below. Test Nos



1



2



3



4



Number of blows, N



120 7



114 10



98 30



92 40



Sample no. 2 Water content % Number of blows, N



96 9



74 15



45 32



30 46



Sample no. 1 Water content %



The plastic limit of Sample No. 1 is 40 percent and that of Sample No. 2 is 32 percent. Required: (i) The flow indices of the two samples (ii) The toughness indices of the samples (iii) Comment on the type of soils on the basis of the toughness index values 3.29 Four different types of soils were encountered in a large project. Their liquid limits (w;), plastic limits (w ) and their natural moisture contents (wn) were as given below: Soil type



w,%



wp%



wn%



1



120 80 60 65



40 35 30 32



150 70 30 25



2 3 4



Required: (i) The liquidity indices of the soils, (ii) the consistency of the natural soils (i.e., whether soft, stiff, etc.) (ii) and the possible behavior of the soils under vibrating loads 3.30 The soil types as given in Problem 3.29 contained soil particles finer than 2 microns as given below: Soil type



1



2



3



4



Percent finer than 2 micron



50



55



45



50



Classify the soils according to their activity values.
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3.31 A sample of clay has a water content of 40 percent at full saturation. Its shrinkage limit is 15 percent. Assuming Gs = 2.70, determine its degree of shrinkage. Comment on the quality of the soil. 3.32 A sample of clay soil has a liquid limit of 62% and its plasticity index is 32 percent. (i) What is the state of consistency of the soil if the soil in its natural state has a water content of 34 percent? (ii) Calculate the shrinkage limit if the void ratio of the sample at the shrinkage limit is 0.70 Assume G^ = 2.70. 3.33 A soil with a liquidity index of-0.20 has a liquid limit of 56 percent and a plasticity index of 20 percent. What is its natural water content? 3.34 A sample of soil weighing 50 g is dispersed in 1000 mL of water. How long after the commencement of sedimentation should the hydrometer reading be taken in order to estimate the percentage of particles less than 0.002 mm effective diameter, if the center of the hydrometer is 150 mm below the surface of the water? Assume: Gs = 2.1; ^ = 8.15 x 10"6 g-sec/cm2. 3.35



The results of a sieve analysis of a soil were as follows: Sieve



Mass



Sieve



Mass



size (mm)



retained (g)



size (mm)



retained (g)



20 12 10 6.3 4.75 2.8



0 1.7 2.3



0.5



30.5



8.4



0.355



45.3



5.7



0.180



25.4



12.9



0.075



7.4



2



3.5



1.4



1.1



The total mass of the sample was 147.2 g. (a) Plot the particle-size distribution curve and describe the soil. Comment on the flat part of the curve (b) State the effective grain size 3.36



A liquid limit test carried out on a sample of inorganic soil taken from below the water table gave the following results: Fall cone penetration y (mm)



15.5



18.2



21.4



23.6



Moisture content, w%



34.6



40.8



48.2



53.4



A plastic limit test gave a value of 33%. Determine the average liquid limit and plasticity index of this soil and give its classification. 3.37 The oven dry mass of a sample of clay was 11.26 g. The volume of the dry sample was determined by immersing it in mercury and the mass of the displaced liquid was 80.29 g. Determine the shrinkage limit, vvy, of the clay assuming Gs = 2.70.
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3.38 Particles of five different sizes are mixed in the proportion shown below and enough water is added to make 1000 cm3 of the suspension. Particle size (mm)



Mass (g)



0.050 0.020 0.010 0.005



6



0.001



20 15 5 4



Total 50 g



It is ensured that the suspension is thoroughly mixed so as to have a uniform distribution of particles. All particles have specific gravity of 2.7. (a) What is the largest particle size present at a depth of 6 cm after 5 mins from the start of sedimentation? (b) What is the density of the suspension at a depth of 6 cm after 5 mins from the start of sedimentation? (c) How long should sedimentation be allowed so that all the particles have settled below 6 cm? Assume ,u= 0.9 x 1Q-6 kN-s/m2 3.39 A sample of clayey silt is mixed at its liquid limit of 40%. It is placed carefully in a small porcelain dish with a volume of 19.3 cm3 and weighs 34.67 g. After oven drying, the soil pat displaced 216.8 g of mercury. (a) Determine the shrinkage limit, ws, of the soil sample (b) Estimate the dry unit weight of the soil 3.40 During the determination of the shrinkage limit of a sandy clay, the following laboratory data was obtained: Wet wt. of soil + dish



=



87.85 g



Dry wt. of soil + dish



=



76.91 g



Wt of dish



=



52.70 g



Wt. of dish + mercury



=



430.8 g



Wt. of dish



=



244.62 g



Calculate the shrinkage limit, assuming Gs



=



2.65



The volumetric determination of the soil pat:



3.41 A sedimentation analysis by a hydrometer (152 H type) was conducted with 50 g of oven dried soil sample. The hydrometer reading in a 1000 cm3 soil suspension 60 mins after the commencement of sedimentation is 19.5. The meniscus correction is 0.5. Assuming Gs = 2.70 and \L - 1 x 10"6 kN-s/m2 for water, calculate the smallest particle size which would have settled during the time of 60 mins and percentage of particles finer than this size. Assume: C0 = +2.0, and CT = 1.2 3.42 Classify the soil given below using the Unified Soil Classification System. Percentage passing No. 4 sieve 72 Percentage passing No. 200 sieve 33 Liquid limit 35 Plastic limit 14
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3.43 Soil samples collected from the field gave the following laboratory test results: Percentage passing No. 4 sieve 100 Percentage passing No. 200 sieve 16 Liquid limit 65 Plastic limit 30 Classify the soil using the Unified Soil Classification System. 3.44 For a large project, a soil investigation was carried out. Grain size analysis carried out on the samples gave the following average test results.



3.45



Sieve No.



Percent finer



4 10 20 40 60 100 200



96 60 18 12 7 4 2



Classify the soil by using the Unified Soil Classification System assuming the soil is nonplastic. The sieve analysis of a given sample of soil gave 57 percent of the particles passing through 75 micron sieve. The liquid and plastic limits of the soil were 62 and 28 percent respectively. Classify the soil per the AASHTO and the Unified Soil Classification Systems.
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