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18.1 Introduction Figure 18.1 shows the pore space available for flow in two highly idealized soil models: regular cubic and rhombohedral. It is seen that even for these special cases, the pore space is not regular, but consists of cavernous cells interconnected by narrower channels. Pore spaces in real soils can range in size from molecular interstices to cathedral-like caverns. They can be spherical (as in concrete) or flat (as in clays), or display irregular patterns which defy description. Add to this the fact that pores may be isolated (inaccessible) or interconnected (accessible from both ends) or may be dead-ended (accessible through one end only). In spite of the apparent irregularities and complexities of the available pores, there is hardly an industrial or scientific endeavor that does not concern itself with the passage of matter, solid, liquid, or gaseous, into, out of, or through porous media. Contributions to the literature can be found among such diverse fields (to name only a few) as soil mechanics, groundwater hydrology, petroleum, chemical, and metallurgical engineering, water purification, materials of construction (ceramics, concrete, timber, paper), chemical industry (absorbents, varieties of contact catalysts, and filters), pharmaceutical industry, traffic flow, and agriculture. The flow of groundwater is taken to be governed by Darcy’s law, which states that the velocity of the flow is proportional to the hydraulic gradient. A similar statement in an electrical system is Ohm’s law and in a thermal system, Fourier’s law. The grandfather of all such relations is Newton’s laws of motion. Table 18.1 presents some other points of similarity.



18.2 Some Fundamentals The literature is replete with derivations and analytical excursions of the basic equations of steady state groundwater flow [e.g., Polubarinova-Kochina, 1962; Harr, 1962; Cedergren, 1967; Bear, 1972; Domenico and Schwartz, 1990]. A summary and brief discussion of these will be presented below for the sake of completeness.
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FIGURE 18.1 Idealized void space.



TABLE 18.1



Some Similarities of Flow Models



Form of Energy



Name of Law



Electrical



Ohm’s law



Mechanical



Newton’s law



Thermal



Fourier’s law



Fluid



Darcy’s law



Quantity Current (voltage) Force (velocity) Heat flow (temperature) Flow rate (pressure)



Storage



Resistance



Capacitor



Resistor



Mass



Damper



Heat capacity



Heat resistance



Liquid storage



Permeability



Bernoulli’s Equation Underlying the analytical approach to groundwater flow is the representation of the actual physical system by a tractable mathematical model. In spite of their inherent shortcomings, many such analytical models have demonstrated considerable success in simulating the action of their prototypes. As is well known from fluid mechanics, for steady flow of nonviscous incompressible fluids, Bernoulli’s equation [Lamb, 1945] p- + z + ---v 2- = cons tan t = h ---gw 2g
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where



p gw v– g h



= pressure, lb/ft2 = unit weight of fluid, lb/ft3 = seepage velocity, ft/sec = gravitational constant, 32.2 ft/s2 = total head, ft



demonstrates that the sum of the pressure head, p/gw , elevation head, z , and velocity head, v 2/2 g at any point within the region of flow is a constant. To account for the loss of energy due to the viscous resistance within the individual pores, Bernoulli’s equation is taken as –



2



2



p p v v ----A- + z A + ----A- = ----B- + z B + ----B- + Dh gw 2g gw 2g



(18.2)



where D h represents the total head loss (energy loss per unit weight of fluid) of the fluid over the distance D s. The ratio Dh dh i = – lim ------ = – -----D s Æ 0 Ds ds



(18.3)



is called the hydraulic gradient and represents the space rate of energy dissipation per unit weight of fluid (a pure number). In most problems of interest the velocity heads (the kinetic energy) are so small they can be neglected. For example, a velocity of 1 ft/s, which is large compared to typical seepage velocities through soils, produces a velocity head of only 0.015 ft. Hence, Eq. (18.2) can be simplified to p p ----A- + z A = ----B- + z B + Dh gw gw and the total head at any point in the flow domain is simply p h = ----- + z gw



(18.4)



Darcy’s Law Prior to 1856, the formidable nature of the flow through porous media defied rational analysis. In that year, Henry Darcy published a simple relation based on his experiments on the flow of water in vertical sand filters in “Les fontaines publiques de la ville de Dijon,” namely, dh v = ki = – k -----ds



(18.5)



Equation (18.5), commonly called Darcy’s law, demonstrates a linear dependency between the hydraulic gradient and the discharge velocity v. The discharge velocity, v = nv– , is the product of the porosity n and the seepage velocity, v– . The coefficient of proportionality k is called by many names depending on its use; among these are the coefficient of permeability, hydraulic conductivity, and permeability constant. As shown in Eq. (18.5), k has the dimensions of a velocity. It should be carefully noted that Eq. (18.5) states that flow is a consequence of differences in total head and not of pressure gradients. This is demonstrated in Fig. 18.2, where the flow is directed from A to B, even though the pressure at point B is greater than that at point A.
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FIGURE 18.2 Heads in Bernoulli’s equation. TABLE 18.2 Some Typical Values of Coefficient of Permeability Soil Type



Coefficient of Permeability k, cm/s



Clean gravel Clean sand (coarse) Sand (mixtures) Fine sand Silty sand Silt Clay



1.0 and greater 1.0–0.01 0.01–0.005 0.05–0.001 0.002–0.0001 0.0005–0.00001 0.000001 and smaller



Defining Q as the total volume of flow per unit time through a cross-sectional area A, Darcy’s law takes the form dh Q = Av = Aki = – Ak -----ds



(18.6)



Darcy’s law offers the single parameter k to account for both the characteristics of the medium and the fluid. It has been found that k is a function of g f , the unit weight of the fluid, m, the coefficient of viscosity, and n, the porosity, as given by



gf n k = C --------m



(18.7)



where C (dimensionally an area) typifies the structural characteristics of the medium independent of the fluid properties. The principal advantage of Eq. (18.7) lies in its use when dealing with more than one fluid or with temperature variations. When employing a single relatively incompressible fluid subjected to small changes in temperature, such as in groundwater- and seepage-related problems, it is more convenient to use k as a single parameter. Some typical values for k are given in Table 18.2. Although Darcy’s law was obtained initially from considerations of one-dimensional macroscopic flow, its practical utility lies in its generalization into two or three spatial dimensions. Accounting for the directional dependence of the coefficient of permeability, Darcy’s law can be generalized to
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where ks is the coefficient of permeability in the s direction, and vs and ∂h/∂s are the components of the velocity and the hydraulic gradient, respectively, in that direction.



Reynolds Number There remains now the question of the determination of the extent to which Darcy’s law is valid in actual flow systems through soils. Such a criterion is furnished by the Reynolds number R (a pure number relating inertial to viscous force), defined as vd r R = ---------m where



v d r m



(18.9)



= discharge velocity, cm/s = average of diameter of particles, cm = density of fluid, g(mass)/cm3 = coefficient of viscosity, g-s/cm2



The critical value of the Reynolds number at which the flow in aggregations of particles changes from laminar to turbulent flow has been found by various investigators [see Muskat, 1937] to range between 1 and 12. However, it will generally suffice to accept the validity of Darcy’s law when the Reynolds number is taken as equal to or less than unity, or vd r ---------- £ 1 m



(18.10)



Substituting the known values of r and m for water into Eq. (18.10) and assuming a conservative velocity of 1/4 cm/s, we have d equal to 0.4 mm, which is representative of the average particle size of coarse sand.



Homogeneity and Isotropy If the coefficient of permeability is independent of the direction of the velocity, the medium is said to be isotropic. Moreover, if the same value of the coefficient of permeability holds at all points within the region of flow, the medium is said to be homogeneous and isotropic. If the coefficient of permeability depends on the direction of the velocity and if this directional dependence is the same at all points of the flow region, the medium is said to be homogeneous and anisotropic (or aleotropic).



Streamlines and Equipotential Lines Physically, all flow systems extend in three dimensions. However, in many problems the features of the motion are essentially planar, with the flow pattern being substantially the same in parallel planes. For these problems, for steady state, incompressible, isotropic flow in the xy plane, it can be shown [Harr, 1962] that the governing differential equation is 2



2



∂ h ∂ h k x --------2- = k y --------2- = 0 ∂x ∂y



(18.11)



Here the function h(x, y) is the distribution of the total head (of energy to do work), within and on the boundaries of a flow region, and kx and ky are the coefficients of permeability in the x and y directions, respectively. If the flow system is isotropic, kx = ky , and Eq. (18.11) reduces to 2



2



∂--------h- + ∂--------h- = 0 2 2 ∂x ∂y © 2003 by CRC Press LLC
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Equation (18.12), called Laplace’s equation, is the governing relationship for steady state, laminar-flow conditions (Darcy’s law is valid). The general body of knowledge relating to Laplace’s equation is called potential theory. Correspondingly, incompressible steady state fluid flow is often called potential flow. The correspondence is more evident upon the introduction of the velocity potential f, defined as p f ( x, y ) = – kh + C = – k ÊË ----- + zˆ¯ + C gw



(18.13)



where h is the total head, p/g w is the pressure head, z is the elevation head, and C is an arbitrary constant. It should be apparent that, for isotropic conditions,



∂ fv x = -----∂x



∂ fv y = -----∂y



(18.14)



2 ∂2f ∂2f — f = ---------2 + ---------2 = 0 ∂x ∂y



(18.15)



and Eq. (18.12) will produce



The particular solutions of Eqs. (18.12) or (18.15) that yield the locus of points within a porous medium of equal potential, curves along which h(x, y) or f(x, y) are equal to constants, are called equipotential lines. In analyses of groundwater flow, the family of flow paths is given by the function y(x, y), called the stream function, defined in two dimensions as [Harr, 1962]



∂y v x = ------∂y



∂y v y = – ------∂x



(18.16)



where vx and vy are the components of the velocity in the x and y directions, respectively. Equating the respective potential and stream functions of vx and vy produces



∂y ∂f ------ = ------∂y ∂x



∂f ∂y ------ = – ------∂y ∂x



(18.17)



Differentiating the first of these equations with respect to y and the second with respect to x and adding, we obtain Laplace’s equation: 2 2 ∂-------y- + ∂-------y- = 0 2 2 ∂x ∂y



(18.18)



We shall examine the significance of this relationship following a little more discussion of the physical meaning of the stream function. Consider AB of Fig. 18.3 as the path of a particle of water passing through point P with a tangential velocity v. We see from the figure that vy dy ---- = tan q = -----vx dx and hence v y dx – v x dy = 0
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FIGURE 18.3 Path of flow.



Substituting Eq. (18.16), it follows that



y ∂-------dx ∂y + -------dy = 0 ∂x ∂y which states that the total differential d y = 0 and



y ( x, y ) = cons tan t Thus we see that the family of curves generated by the function y(x, y) equal to a series of constants are tangent to the resultant velocity at all points in the flow region and hence define the path of flow. The potential [f = – kh + C] is a measure of the energy available at a point in the flow region to move the particle of water from that point to the tailwater surface. Recall that the locus of points of equal energy, say, f(x, y) = constants, are called equipotential lines. The total differential along any curve f(x, y) = constant produces



∂f ∂f d f = ------dx + ------dy = 0 ∂x ∂y Substituting for ∂f/∂x and ∂f /∂y from Eqs. (18.16), we have v x dx + v y dy = 0 and dy v ------ = – ----x dx vy



(18.20)



Noting the negative reciprocal relationship between their slopes, Eqs. (18.19) and (18.20), we see that, within the flow domain, the families of streamlines y (x, y) = constants and equipotential lines f (x, y) = constants intersect each other at right angles. It is customary to signify the sequence of constants by employing a subscript notation, such as f(x, y) = f i , y(x, y) = yj (Fig. 18.4). As only one streamline may exist at a given point within the flow medium, streamlines cannot intersect one another. Consequently, if the medium is saturated, any pair of streamlines act to form a flow channel between them. Consider the flow between the two streamlines y and y + dy in Fig. 18.5; v represents the resultant velocity of flow. The quantity of flow through the flow channel per unit length normal to the plane of flow (say, cubic feet per second per foot) is



∂y ∂y dQ = v x ds cos q – v y ds sin q = v x dy – v y dx = -------dy + -------dx ∂y ∂x
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FIGURE 18.4 Streamlines and equipotential lines. y dx



y



ny



ds



n



q



dy



y + dy



q nx



dQ 0



x



FIGURE 18.5 Flow between streamlines.



and dQ = d y



(18.21)



Hence the quantity of flow (also called the discharge quantity) between any pair of streamlines is a constant whose value is numerically equal to the difference in their respective y values. Thus, once a sequence of streamlines of flow has been obtained, with neighboring y values differing by a constant amount, their plot will not only show the expected direction of flow but the relative magnitudes of the velocity along the flow channels; that is, the velocity at any point in the flow channel varies inversely with the streamline spacing in the vicinity of that point. An equipotential line was defined previously as the locus of points where there is an expected level of available energy sufficient to move a particle of water from a point on that line to the tailwater surface. Thus, it is convenient to reduce all energy levels relative to a tailwater datum. For example, a piezometer located anywhere along an equipotential line, say at 0.75h in Fig. 18.6, would display a column of water extending to a height of 0.75h above the tailwater surface. Of course, the pressure in the water along the equipotential line would vary with its elevation.
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FIGURE 18.6 Pressure head along equipotential line. © 2003 by CRC Press LLC



Tailwater datum



18-9



Groundwater and Seepage



18.3 The Flow Net The graphical representation of special members of the ∆Q B h + ∆h families of streamlines and corresponding equipotential lines within a flow region form a flow net. The orthogonal network shown in Fig. 18.4 represents such a system. ∆s h Although the construction of a flow net often requires tedious trial-and-error adjustments, it is one of the more A C valuable methods employed to obtain solutions for twoy + ∆y dimensional flow problems. Of additional importance, even a hastily drawn flow net will often provide a check on ∆w the reasonableness of solutions obtained by other means. Noting that, for steady state conditions, Laplace’s equation D y also models the action (see Table 18.1) of thermal, electrical, acoustical, odoriferous, torsional, and other systems, FIGURE 18.7 Flow at point. the flow net is seen to be a significant tool for analysis. If, in Fig. 18.7, Dw denotes the distance between a pair of adjacent streamlines and Ds is the distance between a pair of adjacent equipotential lines in the near vicinity of a point within the region of flow, the approximate velocity (in the mathematical sense) at the point, according to Darcy’s law, will be k Dh Dy v ª ---------- ª ------Dw Ds



(18.22)



As the quantity of flow between any two streamlines is a constant, DQ, and equal to Dy (Eq. 18.21) we have Dw DQ ª k ------- Dh Ds



(18.23)



Equations (18.22) and (18.23) are approximate. However, as the distances Dw and Ds become very small, Eq. (18.22) approaches the velocity at the point and Eq. (18.23) yields the quantity of discharge through the flow channel. In Fig. 18.8 is shown the completed flow net for a common type of structure. We first note that there are four boundaries: the bottom impervious contour of the structure BGHC, the surface of the impervious layer EF, the headwater boundary AB, and the tailwater boundary CD. The latter two boundaries designate the equipotential lines h = h and h = 0, respectively. For steady state conditions, the quantity
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FIGURE 18.8 Example of flow net. © 2003 by CRC Press LLC
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of discharge through the section Q and the head loss (h = 16 ft) must be constant. If the flow region is saturated, it follows that the two impervious boundaries are streamlines and their difference must be identically equal to the discharge quantity Q = y BGHC – y EF From among the infinite number of possible streamlines between the impervious boundaries, we sketch only a few, specifying the same quantity of flow between neighboring streamlines. Designating Nf as the number of flow channels, we have, from above,1 Dw Q = N f DQ = kN f ------- Dh Ds Similarly, from among the infinite number of possible equipotential lines between headwater and tailwater boundaries, we sketch only a few and specify the same drop in head, say, Dh, between adjacent equipotential lines. If there are Ne equipotential drops along each of the channels, h = N e Dh



and



N f Dw Q = k ------ ------- h N e Ds



(18.24)



If, now, we also require that the ratio Dw/Ds be the same at all points in the flow region, for convenience, and because a square is most sensitive to visual inspection, we take this ratio to be unity, Dw ------- = 1 Ds and obtain Nf Q = k ------ h Ne



(18.25)



Recalling that Q, k, and h are all constants, Eq. (18.25) demonstrates that the resulting construction, with the obvious requirement that everywhere in the flow domain streamlines and equipotential lines meet at right angles, will yield a unique value for the ratio of the number of flow channels to the number of equipotential drops, Nf /Ne . In Fig. 18.8 we see that Nf equals about 5 and Ne equals 16; hence, Nf /Ne = 5/16. The graphical technique of constructing flow nets by sketching was first suggested by Prasil [1913] although it was developed formally by Forchheimer [1930]; however, the adoption of the method by engineers followed Casagrande’s classic paper in 1940. In this paper and in the highly recommended flow nets of Cedergren [1967] are to be found some of the highest examples of the art of drawing flow nets. Harr [1962] also warrants a peek! Unfortunately, there is no “royal road” to drawing a good flow net. The speed with which a successful flow net can be drawn is highly contingent on the experience and judgment of the individual. In this regard, the beginner will do well to study the characteristics of well-drawn flow nets: labor omnia vincit. In summary, a flow net is a sketch of distinct and special streamlines and equipotential lines that preserve right-angle intersections, satisfy the boundary conditions, and form curvilinear squares.2 The following procedure is recommended: There is little to be gained by retaining the approximately equal sign ª. We accept singular squares such as the five-sided square at point H in Fig. 18.8 and the three-sided square at point G. (It can be shown — Harr [1962], p. 84 — that a five-sided square designates a point of turbulence). With continued subdividing into smaller squares, the deviations, in the limit, act only at singular points. 1 2
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FIGURE 18.9 Example of flow regime.



1. Draw the boundaries of the flow region to a scale so that all sketched equipotential lines and streamlines terminate on the figure. 2. Sketch lightly three or four streamlines, keeping in mind that they are only a few of the infinite number of possible curves that must provide a smooth transition between the boundary streamlines. 3. Sketch the equipotential lines, bearing in mind that they must intersect all streamlines, including boundary streamlines, at right angles and that the enclosed figures must form curvilinear rectangles (except at singular points) with the same ratio of Ds/Ds along a flow channel. Except for partial flow channels and partial head drops, these will form curvilinear squares with Dw = Ds. 4. Adjust the initial streamlines and equipotential lines to meet the required conditions. Remember that the drawing of a good flow net is a trial-and-error process, with the amount of correction being dependent upon the position selected for the initial streamlines. Example 18.1 Obtain the quantity of discharge, Q/kh, for the section shown in Fig. 18.9. Solution. This represents a region of horizontal flow with parallel horizontal streamlines between the impervious boundaries and vertical equipotential lines between reservoir boundaries. Hence the flow net will consist of perfect squares, and the ratio of the number of flow channels to the number of drops will be Nf /Ne = a/L and Q/kh = a/L. Example 18.2 Find the pressure in the water at points A and B in Fig. 18.9. Solution. For the scheme shown in Fig. 18.9, the total head loss is linear with distance in the direction of flow. Equipotential lines are seen to be vertical. The total heads at points A and B are both equal to 2h/3 (datum at the tailwater surface). This means that a piezometer placed at these points would show a column of water rising to an elevation of 2h/3 above the tailwater elevation. Hence, the pressure at each point is simply the weight of water in the columns above the points in question: pA = (2h/3 + h1)gw , pB = (2h/3 + h l + a)gw . Example 18.3 Using flow nets obtain a plot of Q/kh as a function of the ratio s/T for the single impervious sheetpile shown in Fig. 18.10(a).
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FIGURE 18.10 Example 18.3.



Solution. We first note that the section is symmetrical about the y axis, hence only one-half of a flow net is required. Values of the ratio s/T range from 0 to 1, with 0 indicating no penetration and 1 complete cutoff. For s/T = 1, Q/kh = 0 [see point a in Fig. 18.10(b)]. As the ratio of s/T decreases, more flow channels must be added to maintain curvilinear squares and, in the limit as s/T approaches zero, Q/kh becomes unbounded [see arrow in Fig. 18.10(b)]. If s/T = 1/2 [Fig. 18.10(c)], each streamline will evidence a corresponding equipotential line in the half-strip; consequently, for the whole flow region, Nf /Ne = 1/2 for s/T = 1/2 [point b in Fig. 18.10(b)]. Thus, without actually drawing a single flow net, we have learned quite a bit about the functional relationship between Q/kh and s/T. If Q/kh was known for s/T = 0.8 we would have another point and could sketch, with some reliability, the portion of the plot in Fig. 18.10(b) for s/T ≥ 0.5. In Fig. 18.10(d) is shown one-half of the flow net for s/T = 0.8, which yields the ratio of Nf /Ne = 0.3 [point c in Fig. 18.10(b)]. As shown in Fig. 18.10(e), the flow net for s/T = 0.8 can also serve, geometrically, for the case of s/T = 0.2, which yields approximately Nf /Ne = 0.8 [plotted as point d in Fig. 18.10(b)]. The portion of the curve for values of s/T close to 0 is still in doubt. Noting that for s/T = 0, kh/Q = 0, we introduce an ordinate scale of kh/Q to the right of Fig. 18.10(b) and locate on this scale the corresponding values for s/T = 0, 0.2, and 0.5 (shown primed). Connecting these points (shown dotted) and obtaining the inverse, Q/kh, at desired points, the required curve can be had. A plot giving the quantity of discharge (Q/kh) for symmetrically placed pilings as a function of depth of embedment (s/T ), as well as for an impervious structure of width (2b/T ), is shown in Fig. 18.11. This plot was obtained by Polubarinova-Kochina [1962] using a mathematical approach. The curve labeled b/T = 0 applies for the conditions in Example 18.3. It is interesting to note that this whole family of © 2003 by CRC Press LLC
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FIGURE 18.11 Quantity of flow for given geometry.



curves can be obtained, with reasonable accuracy (at least commensurate with the determination of the coefficient of permeability, k), by sketching only two additional half flow nets (for special values of b/T ). It was tacitly assumed in the foregoing that the medium was homogeneous and isotropic (kx = ky). Had isotropy not been realized, a transformation of scale (with x and y taken as the directions of maximum and minimum permeability, respectively) in the y direction of Y = y(kx /ky)1/2 or in the x direction of X = x(ky /kx)1/2 would render the system as an equivalent isotropic system [for details, see Harr, 1962, p. 29]. After the flow net has been established, by applying the inverse of the scaling factor, the solution can be had for the anisotropic system. The quantity of discharge for a homogeneous and anisotropic section is Q =



Nf k x k y h -----Ne



(18.26)



18.4 Method of Fragments In spite of its many uses, a graphical flow net provides the solution for a particular problem only. Should one wish to investigate the influence of a range of characteristic dimensions (such as is often the case in © 2003 by CRC Press LLC
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FIGURE 18.12 Example of complicated structure.
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FIGURE 18.13 Four fragments.



a design problem), many flow nets would be required. Consider, for example, the section shown in Fig. 18.12, and suppose we wish to investigate the influence of the dimensions A, B, and C on the characteristics of flow, all other dimensions being fixed. Taking only three values for each of these dimensions would require 27 individual flow nets. As noted previously, a rough flow net should always be drawn as a check. In this respect it may be thought of as being analogous to a free-body diagram in mechanics, wherein the physics of a solution can be examined with respect to satisfying conditions of necessity. An approximate analytical method of solution, directly applicable to design, was developed by Pavlovsky in 1935 [Pavlovsky, 1956] and was expanded and advanced by Harr [1962, 1977]. The underlying assumption of this method, called the method of fragments, is that equipotential lines at various critical parts of the flow region can be approximated by straight vertical lines (as, for example, the dotted lines in Fig. 18.13) that divide the region into sections or fragments. The groundwater flow region in Fig. 18.13 is shown divided into four fragments. Suppose, now, that one computes the discharge in the ith fragment of a structure with m such fragments as kh Q = -------i Fi



(18.27)



where hi is the head loss through the ith fragment and Fi is the dimensional form factor in the ith fragment, Fi = Ne /Nf in Eq. (18.25). Then, as the discharge through all fragments must be the same, kh kh kh kh Q = --------1 = --------2 = -------i = L = --------mF1 F2 Fi Fm whence
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FIGURE 18.14 Summary of fragment types and form factors.



and h Q = k -----------------Smi = 1 Fi



(18.28)



where h (without subscript) is the total head loss through the section. By similar reasoning, the head loss in the ith fragment can be calculated from hF h i = ----------i SF



(18.29)



Thus, the primary task is to implement this method by establishing a catalog of form factors. Following Pavlovsky, the various form factors will be divided into types. The results are summarized in tabular form, Fig. 18.14, for easy reference. The derivation of the form factors is well documented in the literature [Harr 1962, 1977]. Various entrance and emergence conditions for type VIII and IX fragments are shown in Fig. 18.15. Briefly, for the entrance condition, when possible the free surface will intersect the slope at right angles. However, as the elevation of the free surface represents the level of available energy along the uppermost streamline, at no point along the curve can it rise above the level of its source of energy, the headwater elevation. At the point of emergence the free surface will, if possible, exit tangent to the slope [Dachler, 1934]. As the equipotential lines are assumed to be vertical, there can be only a single value of the total head along a vertical line, and, hence, the free surface cannot curve back on itself. Thus, where unable to exit tangent to a slope, it will emerge vertical. To determine the pressure distribution on the base of a structure (such as that along C ¢CC ¢¢) in Fig. 18.16, Pavlovsky assumed that the head loss within the fragment is linearly distributed along the impervious boundary. Thus, in Fig. 18.16, if hm is the head loss within the fragment, the rate of loss along E¢C ¢CC ¢¢E ¢¢ will be © 2003 by CRC Press LLC
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FIGURE 18.15 Entrance and emergence conditions.
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FIGURE 18.16 Illustration of Eq. (18.30).



hm R = ----------------------L + s¢ + s≤



(18.30)



Once the total head is known at any point, the pressure can easily be determined by subtracting the elevation head, relative to the established (tailwater) datum. Example 18.4 For the section shown in Fig. 18.17(a), estimate (a) the discharge and (b) the uplift pressure on the base of the structure. Solution. The division of fragments is shown in Fig. 18.17. Regions 1 and 3 are both type II fragments, and the middle section is of type V with L = 2s. For regions 1 and 3, we have, from Fig. 17,11, with b/T = 0, F1 = F3 = 0.78. For region 2, as L = 2s, F2 = 2 ln (1+18/36) = 0.81. Thus, the sum of the form factors is



ÂF



= 0.78 + 0.81 + 0.78 = 2.37



and the quantity of flow (Eq. 18.28) is Q/k = 18/2.37 = 7.6 ft. © 2003 by CRC Press LLC
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FIGURE 18.17 Example 18.4.



For the head loss in each of the sections, from Eq. (18.29) we find 0.78 h 1 = h 3 = ---------- ( 18 ) = 5.9 ft 2.37 h 2 = 6.1ft Hence the head loss rate in region 2 is (Eq. 18.30) 6.1 R = ------- = 17% 36 and the pressure distribution along C ¢CC ¢¢ is shown in Fig. 18.17(b). Example 18.53 Estimate the quantity of discharge per foot of structure and the point where the free surface begins under the structure (point A) for the section shown in Fig. 18.18(a). Solution. The line AC in Fig. 18.18(a) is taken as the vertical equipotential line that separates the flow domain into two fragments. Region 1 is a fragment of type III, with the distance B as an unknown quantity. Region 2 is a fragment of type VII, with L = 25 – B, h1 = 10 ft, and h2 = 0. Thus, we are led to a trial-anderror procedure to find B. In Fig. 18.18(b) are shown plots of Q/k versus B/T for both regions. The common point is seen to be B = 14 ft, which yields a quantity of flow of approximately Q = 100k/22 = 4.5k. Example 18.6 Determine the quantity of flow for 100 ft of the earth dam section shown in Fig. 18.19(a), where k = 0.002 ft/min. Solution. For this case, there are three regions. For region 1, a type VIII fragment h1 = 70 ft, cot a = 3, hd = 80 ft, produces Q 80 70 – h ---- = -------------- ln -------------80 –h 3 k



(18.31)



For region 2, a type VII fragment produces 2



2



h –a Q ---- = ---------------2 k 2L



(18.32)



3For comparisons between analytical and experimental results for mixed fragments (confined and unconfined flow) see Harr and Lewis [1965].
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FIGURE 18.19 Example 18.6.



With tailwater absent, h2 = 0, the flow in region 3, a type IX fragment, with cot b = 3 produces a Q ---- = ----2 k 3



(18.33)



Finally, from the geometry of the section, we have L = 20 + cot b [ h d – a 2 ] = 20 + 3 [ 80 – a 2 ]



(18.34)



The four independent equations contain only the four unknowns, h, a2, Q/k, and L, and hence provide a complete, if not explicit, solution.
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Combining Eqs. (18.32) and (18.33) and substituting for L in Eq. (18.34), we obtain, in general (b = crest width), 2 2 b b a 2 = ------------ + h d – Ê ------------ + h dˆ – h Ë cot b ¯ cot b



(18.35)



2 2 20 20 a 2 = ----- + 80 Ê ----- + 80ˆ – h Ë ¯ 3 3



(18.36)



and, in particular,



Likewise, from Eqs. (18.31) and (18.33), in general, hd a 2 cot a ------------------ = ( h 1 – h ) ln ------------hd – h cot b



(18.37)



80 a 2 = ( 70 – h ) ln -------------80 – h



(18.38)



and, in particular,



Now, Eqs. (18.36) and (18.38), and (18.35) and (18.37) in general, contain only two unknowns (a2 and h), and hence can be solved without difficulty. For selected values of h, resulting values of a2 are plotted for Eqs. (18.36) and (18.38) in Fig. 18.19(b). Thus, a2 = 18.3 ft, h = 52.7 ft, and L = 205.1 ft. From Eq. (18.33), the quantity of flow per 100 ft is –3 3 18.3 Q = 100 ¥ 2 ¥ 10 ¥ ---------- = 1.22 ft § min = 9.1 gal § min 3



18.5 Flow in Layered Systems Closed-form solutions for the flow characteristics of even simple structures founded in layered media offer considerable mathematical difficulty. Polubarinova-Kochina [1962] obtained closed-form solutions for the two layered sections shown in Fig. 18.20 (with d1 = d2). In her solution she found a cluster of parameters that suggested to Harr [1962] an approximate procedure whereby the flow characteristics of structures founded in layered systems can be obtained simply and with a great degree of reliability.
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FIGURE 18.20 Examples of two-layered systems.
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The flow medium in Fig. 18.20(a) consists of two horizontal layers of thickness d1 and d2, underlain by an impervious base. The coefficient of permeability of the upper layer is k1 and of the lower layer k2 . The coefficients of permeability are related to a dimensionless parameter e by the expression k2 ---k1



tan pe =



(18.39)



(p is in radian measure). Thus, as the ratio of the permeabilities varies from 0 to •, e ranges between 0 and 1/2. We first investigate the structures shown in Fig. 18.20(a) for some special values of e. 1. e = 0. If k2 = 0, from Eq. (18.39) we have e = 0. This is equivalent to having the impervious base at depth d1. Hence, for this case the flow region is reduced to that of a single homogeneous layer for which the discharge can be obtained directly from Fig. 18.11. 2. e = 1/4. If k1 = k2, the sections are reduced to a single homogeneous layer, of thickness d1 + d2, for which Fig. 18.11 is again applicable. 3. e = 1/2. If k2 = •, e = 1/2. This represents a condition where there is no resistance to flow in the bottom layer. Hence, the discharge through the total section under steady state conditions is infinite, or Q/k1h = •. However, of greater significance is the fact that the inverse of this ratio equals zero: k1h/Q = 0. It can be shown [Polubarinova-Kochina, 1962] that for k2/k1 Æ •, Q -------- = k1 h



k2 ---k1



(18.40)



Thus, we see that for the special values of e = 0, e = 1/4, and e = 1/2, measures of the flow quantities can be easily obtained. The essence of the method then is to plot these values, on a plot of k1h/Q versus e, and connect the points with a smooth curve, from which intermediate values can be had. Example 18.7 In Fig. 18.20(a), s = 10 ft, d1 = 15 ft, d2 = 20 ft, k1 = 4k2 = 1 • 10–3 ft/min, h = 6 ft. Estimate Q/k1h. Solution. For e = 0, from Fig. 18.11 with s/T = s/d1 = 2/3, b/T = 0, Q/k1h = 0.39, k1h/Q = 2.56. For e = 1/4, from Fig. 18.11 with s/T = s/(d1 + d2) = 2/7, Q/k1h = 0.67, k1h/Q = 1.49. For e = 1/2, k1h/Q = 0. The three points are plotted in Fig. 18.21, and the required discharge, for e = 1/p tan–1. (1/4)1/2 = 0.15, is k1h/Q = 1.92 and Q/k1h = 0.52; whence Q = 0.52 ¥ 1 ¥ 10 ¥ 6 –3



= 3.1 ¥ 1 0



–3



ft § ( min ) ( ft ) 3



In combination with the method of fragments, approximate solutions can be had for very complicated structures. Example 18.8 Estimate (a) the discharge through the section shown in Fig. 18.22(a), k2 = 4k1 = 1 ¥ 10–3 ft/day and (b) the pressure in the water at point P. Solution. The flow region is shown divided into four fragments. However, the form factors for regions 1 and 4 are the same. In Fig. 18.22(b) are given the resulting form factors for the listed conditions. In Fig. 18.22(c) is given the plot of k1h/Q versus e. For the required condition (k2 = 4k1), e = 0.35, k1h/Q = 1.6 and hence Q = (1/1.6) ¥ 0.25 ¥ 10 –3 ¥ 10 = 1.6 ¥ 10 –3 ft 3/(day) (ft). The total head at point P is given in Fig. 18.22(b) as Dh for region 4; for e = 0, hp = 2.57 ft and for e = 1/4, hp = 3.00. We require hp for k2 = •; theoretically, there is assumed to be no resistance to the flow © 2003 by CRC Press LLC
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FIGURE 18.21 Example 18.7.



in the bottom layer for this condition. Hence the boundary between the two layers (AB) is an equipotential line with an expected value of h/2. Thus hp = 10/2 = 5 for e = 1/2. In Fig. 18.22(d) is given the plot of hp versus e. For e = 0.35, hp = 2.75 ft and the pressure in the water at point P is (3.75 + 5)g w = 8.75g w . The above procedure may be extended to systems with more than two layers.



18.6 Piping By virtue of the viscous friction exerted on a liquid flowing through a porous medium, an energy transfer is effected between the liquid and the solid particles. The measure of this energy is the head loss h between the points under consideration. The force corresponding to this energy transfer is called the seepage force. It is this seepage force that is responsible for the phenomenon known as quicksand, and its assessment is of vital importance in stability analyses of earth structures subject to the action of flowing water (seepage). The first rational approach to the determination of the effects of seepage forces was presented by Terzaghi [1922] and forms the basis for all subsequent studies. Consider all the forces acting on a volume of particulate matter through which a liquid flows. 1. The total weight per unit volume, the mass unit weight, is



g 1(G + e) g m = ---------------------1+e where e is the void ratio, G is the specific gravity of solids, and g l is the unit weight of the liquid. 2. Invoking Archimedes’ principle of buoyancy (a body submerged in a liquid is buoyed up by force equal to the weight of the liquid displaced), the effective unit weight of a volume of soil, called the submerged unit weight, is



g l (G – 1) g m¢ = g m – g l = ---------------------1+e



(18.41)



To gain a better understanding of the meaning of the submerged unit weight consider the flow condition shown in Fig. 18.23(a). If the water column (AB) is held at the same elevation as the discharge face CD (h = 0), the soil will be in a submerged state and the downward force acting on the screen will be FØ = g m¢ L A © 2003 by CRC Press LLC
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FIGURE 18.22 Example 18.8.



where g¢m = gm – gw . Now, if the water column is slowly raised (shown dotted to A¢B¢), water will flow up through the soil. By virtue of this upward flow, work will be done to the soil and the force acting on the screen will be reduced. 3. The change in force through the soil is due to the increased pressure acting over the area, or F = hg w A +



Hence, the change in force, granted steady state conditions, is DF = g m¢ LA – h g w A © 2003 by CRC Press LLC
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FIGURE 18.23 Piping.



Dividing by the volume AL, the resultant force per unit volume acting at a point within the flow region is R = g m¢ – i g w



(18.44)



where i is the hydraulic gradient. The quantity i gw is the seepage force (force per unit volume). In general, Eq. (18.44) is a vector equation, with the seepage force acting in the direction of flow [Fig. 18.23(b)]. Of course, for the flow condition shown in Fig. 18.23(a), the seepage force will be directed vertically upward [Fig. 18.23(c)]. If the head h is increased, the resultant force R in Eq. (18.44) is seen to decrease. Evidently, should h be increased to the point at which R = 0, the material would be at the point of being washed upward. Such a state is said to produce a quick (meaning alive) condition. From Eq. (18.44) it is evident that a quick condition is incipient if



g¢ G–1 i cr = -----m- = -----------1+e gw



(18.45)



Substituting typical values of G = 2.65 (quartz sand) and e = 0.65 (for sand, 0.57 £ e £ 0.95), we see that as an average value the critical gradient can be taken as i cr ª 1



(18.46)



When information is lacking as to the specific gravity and void ratio of the material, the critical gradient is generally taken as unity. At the critical gradient, there is no interparticle contact (R = 0); the medium possesses no intrinsic strength, and will exhibit the properties of liquid of unit weight G+e g q = ÊË ------------ˆ¯ g l 1+e



(18.47)



Substituting the above values for G, e, and g l = g w , g q = 124.8 lb/ft3. Hence, contrary to popular belief, a person caught in quicksand would not be sucked down but would find it almost impossible to avoid floating.
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FIGURE 18.24 Exit gradient.



Many hydraulic structures, founded on soils, have failed as a result of the initiation of a local quick condition which, in a chainlike manner, led to severe internal erosion called piping. This condition occurs when erosion starts at the exit point of a flow line and progresses backward into the flow region forming pipe-shaped watercourses which may extend to appreciable depths under a structure. It is characteristic of piping that it needs to occur only locally and that once begun it proceeds rapidly, and is often not apparent until structural failure is imminent. Equations (18.45) and (18.46) provide the basis for assessing the safety of hydraulic structures with respect to failure by piping. In essence, the procedure requires the determination of the maximum hydraulic gradient along a discharge boundary, called the exit gradient, which will yield the minimum resultant force (Rmin) at this boundary. This can be done analytically, as will be demonstrated below, or from flow nets, after a method proposed by Harza [1935]. In the graphical method, the gradients along the discharge boundary are taken as the macrogradient across the contiguous squares of the flow net. As the gradients vary inversely with the distance between adjacent equipotential lines, it is evident that the maximum (exit) gradient is located where the vertical projection of this distance is a minimum, such as at the toe of the structure (point C) in Fig. 18.11. For example, the head lost in the final square of Fig. 18.11 is one-sixteenth of the total head loss of 16 ft, or 1 ft, and as this loss occurs in a vertical distance of approximately 4 ft, the exit gradient at point C is approximately 0.25. Once the magnitude of the exit gradient has been found, Harza recommended that the factor of safety be ascertained by comparing this gradient with the critical gradient of Eqs. (18.45) and (18.46). For example, the factor of safety with respect to piping for the flow conditions of Fig. 18.11 is 1.0/0.25, or 4.0. Factors of safety of 4 to 5 are generally considered reasonable for the graphical method of analysis. The analytical method for determining the exit gradient is based on determining the exit gradient for the type II fragment, at point E in Fig. 18.14. The required value can be obtained directly from Fig. 18.24 with hm being the head loss in the fragment. Example 18.9 Find the exit gradient for the section shown in Fig. 18.17(a). Solution. From the results of Example 18.4, the head loss in fragment 3 is hm = 5.9 ft. With s/T = 1/3, from Fig. 18.24 we have IE s/hm = 0.62; hence, © 2003 by CRC Press LLC
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0.62 ¥ 5.9 I E = ----------------------- = 0.41 9



or



1 FS = ---------- = 2.44 0.41



To account for the deviations and uncertainties in nature, Khosla et al. [1954] recommend that the following factors of safety be applied as critical values of exit gradients: gravel, 4 to 5; coarse sand, 5 to 6; and fine sand, 6 to 7. The use of reverse filters on the downstream surface or where required serves to prevent erosion and decrease the probability of piping failures. In this regard, the Earth Manual of the U.S. Bureau of Reclamation, Washington [1974] is particularly recommended.



Defining Terms Coefficient of permeability — Coefficient of proportionality between Darcy’s velocity and the hydraulic gradient.



Flow net — Trial-and-error graphical procedure for solving seepage problems. Hydraulic gradient — Space rate of energy dissipation. Method of fragments — Approximate analytical method for solving seepage problems. Piping — Development of a “pipe” within soil by virtue of internal erosion. Quick condition — Condition when soil “liquifies.”
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Further Information This chapter dealt with the conventional analysis of groundwater and seepage problems. Beginning in the mid-1970s another facet was added, motivated by federal environmental laws. These were concerned with transport processes, where chemical masses, generally toxic, are moved within the groundwater regime. This aspect of groundwater analysis gained increased emphasis with the passage of the Comprehensive Environmental Response Act of 1980, the superfund. Geotechnical engineers’ involvement in these problems is likely to overshadow conventional problems. Several of the above references provide specific sources of information in this regard (cf. Domenico and Schwartz, Freeze and Cherry). The following are of additional interest: Bear, J., and Verruijt, A. 1987. Modeling Groundwater Flow and Pollution. Dordrecht, Boston: D. Reidel Pub. Co., Norwell, MA. Mitchell, J. K. 1993. Fundamentals of Soil Behavior. John Wiley & Sons, New York. Nyer, E. K. 1992. Groundwater Treatment Technology. Van Nostrand Reinhold, New York. Sara, M. N. 1994. Standard Handbook for Solid and Hazardous Waste Facility Assessments. Lewis Publishers, Boca Raton, FL.
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Coupling groundwater modeling and biological ... - SpringerPlus 

Feb 5, 2014 - indicators for identifying river/aquifer exchanges ..... 2000). For this purpose we had to i) identify the ... the phosphorous level of the substrate.










 








GROUNDWATER ENGINEERING PDF 

with groundwater engineering PDF, include : Grade 8 Science Exam Papers, Gravity Questions And. Answers, Great Letters For Every Occasion, Gregg Expert ...










 








Doors and Windows - Description 

required for hollow metal doors and frames. 9.0.4. Metal thickness of hollow metal ... construction project that does not include swinging doorsâ€”either wood or ...










 








Soil Relationships and Classification - Description 

3.789 kg 2720 kg m3. Â§ .... 15-17. The dry unit weight can be obtained using the following: (15.24). Example 15.6 .... AASHTO Materials, Part I, Specifications.










 








Abutments and Retaining Structures - Description 

in urban areas and for rail transportation systems because of the right-of-way restriction and the large scale of the live load ..... Service load method. Design Assumptions ..... A typical soil nail wall model is shown in Figure 29.18f. 29.3.2 Desig










 








Photogrammetry and Remote Sensing - Description 

the best interpretation of the image content. ... In recent years digital images or computer resident images have taken on an ..... 56-6. The Civil Engineering Handbook, Second Edition. Before leaving the subject ... approach the format size and reso










 








User Guide and Technical Description 

innovation â€“ planning, production and use of such technology and materials that are environmentally friendly. ... name (brand):. TOM 115/140. Variants of the ...










 








Messages and Objects Everywhere - Description 

tutorial, but you can survive this experience without learning the com- .... (Besides Apple, Digital Equipment and Hewlett-Packard also have the option to sell.










 








Messages and Objects Everywhere - Description 

tutorial, but you can survive this experience without learning the com- .... (Besides Apple, Digital Equipment and Hewlett-Packard also have the option to sell.










 








Smalltalk and Object Orientation - Description 

Jun 25, 1996 - It is really only safe to move to a hybrid language once ...... This can be a tricky one as it is often possible to represent something as both a class ...










 








SSTV Description and mode specifications 

one of the first obstacles I ran into was the lack of accurate information on the ... Note that all mode specifications begin immediately after the VIS stop bit. .... they're a little complicated, they represent a fair trade-off between color accurac










 








Description and Operation - Ford Scorpio 

Escort RS 2000: â€“ Cylinder block. â€“ Revised inlet manifold. â€“ Pistons with compression rings higher up; the compression has been reduced from 10,3 to. 9,8 due ...










 








Troubleshooting VLANs and Trunks - Description 

... your pod number for x and the router number for y in all instructions and ... The following table lists the commands used in this lab, in alphabetical order. ..... configuration you will also see more detail in the crypto pki certificate section 










 








Smalltalk and Object Orientation - Description 

Jun 25, 1996 - It therefore possesses an address book, a ... chapter introduces the use of breakpoints in Smalltalk, the purpose of the change list file and how.










 








Produktbeschreibung Product description Description 

CitronensÃ¤ure; Aroma. Ingredients: dextrose (89%), maltodextrin, anti- caking agent: magnesium salts of fatty acids; acid: citric acid; flavouring. 1570 kJ. 369 kcal.










 








Effects of climate change on river flows and groundwater recharge in 

1 HR Wallingford, Howbery Park, Benson Lane, ... However, the inclusion of many GCMs provided a better understanding of uncertainties related to future flows ...










 








DESCRIPTION 

PATE A POLIR LUXORÂ® GRISE, POLISSAGE SUR OR GRIS, PLATINE OU ARGENT. Pain cylindrique de 110 grammes avec gaine de protection plastique. FABRICATION 100% FRANCAISE. Description de la pÃ¢te Ã  polir LUXORÂ® grise. La pÃ¢te Ã  polir LUXORÂ® grise a Ã©










 








DESCRIPTION 

mÃ©taux : mÃ©taux prÃ©cieux (Or, argent, platine...), mÃ©taux cuivreux (Bronze, laiton, cuivre, ... Utilisation recommandÃ©e avec disques coton techniques de type : â†’. Disque MERARD TPB. â†’. Disque ... PÃ¢te LUXORÂ® jaune â€“ pÃ¢te de super finiti










 








Description 

as an accumulator. ... ing service items: ... System that is U.L.-listed and is certified to meet the requirements of SAE J2210 to service R-134a air conditioning.










 








Quantity-Quality Management of a Groundwater Resource by a Water 

above budget equation is an isoperimetric constraint that can be rewritten in the ..... water agency to minimize the (quadratic) distance from the desired quantity ...
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Report Groundwater and Seepage - Description
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