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SUMMARY

Explicit expressions for the displacements generated in a non-gravitating, homogeneous, semi-
infinite half-space by uniform surface pressure applied over a rectangular region are presented.
These complement expressions for the associated stress field given by Love in 1929.
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1 INTRODUCTION

The problem of the surface loading of a Cartesian elastic half-space is associated with the name of Boussinesq (1885) who showed that the
components of displacement and stress at any point within the half-space can be expressed in terms of the various spatial derivatives of elastic
potential functions. Many people have contributed to this area of elasticity theory by producing explicit expressions for the deformations
produced in response to a surface pressure distribution of specific shape and form. For example, Boussinesq (1885) provided the solution for a
point load, while Lamb (1902) and Terazawa (1916), using Fourier—Bessel transforms, addressed the case of uniform pressure applied within
a circular boundary. Love (1929) revisited the problem of the circular or disc load using Boussinesq’s potential method. He also introduced a
new class of loading problem—that of uniform pressure applied within a rectangular region of the surface. We refer to this as Love’s problem.
Love (1929) presented only a partial solution to this problem, in that he provided expressions for the stress field within the half-space, but not
for the displacement field. Presumably this omission reflects the technical motivation of his study—that of the safety of foundations.

In many cases of practical interest, the surface load is not laterally uniform. Multiple disc loads often are used to approximate laterally
varying surface loads; however, a flat surface is much easier to tile with rectangles. By solving Love’s problem, we provide a convenient basis
for modelling arbitrary surface loads applied to an elastic half-space.

Crustal motion geodesists have become increasingly interested in elastic loading signals manifest as seasonal fluctuations in the position
time-series produced at continuous GPS stations and by related space geodetic techniques (Heki 2001; Mangiarotti ef al. 2001; Dong et al.
2002; Elosegui et al. 2003). These surface loads are associated with changes in atmospheric and seafloor pressure, and shifting masses of
snow, ice, and surface and subsurface water. Many problems associated with localized loads have a spatial scale which is very small compared
with the radius of the Earth, allowing the problem to be analysed within the framework of a Cartesian half-space. In most parts of the world
if these loads are applied for time periods of ~1 yr of less, then viscous effects may be neglected and we may assume an elastic structure
for the half-space. In some cases it may be appropriate to assume a uniform elastic half-space, at least as a first approximation. Of course,
well established numerical techniques exist for analysing loading problems with more complex Earth models that incorporate the Earth’s
curvature and radial variation in elastic structure (Farrell 1972; Elosegui et al. 2003). Nevertheless, the solution to Love’s problem may be of
interest because it may provide a reasonable approximation in some contexts, or because it may be used to test computer codes based on more
sophisticated geoelastic models.

2 PROBLEM STATEMENT

We consider here the displacements generated by a uniform pressure, p, applied over a rectangular region described by —a <x <a,—b <y
< b at the surface (z = 0) of a semi-infinite solid (Fig. 1) where z is positive downward so that points in the solid have z > 0. Following Love
(1929), we take x, y, z to be the coordinates of a point within the solid and x’, y’, 0 to be those of a point on the plane boundary and denote the
distance between these points by » where

r2=Ax2+Ay2+zz, (N
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z

Figure 1. Rectangular region of uniform applied pressure at the surface of a semi-infinite (z > 0) elastic solid.

Ax =x' —x, Ay =y" — yandr > 0. The displacements u, v, w generated by this applied pressure are given by

1 1 9y =zadV
u=—-—|——=+-—"—
4 \ A+ p ox  p ox
1 1 0 av
vV = —— ——X+£— (2)
4 \A+p dy  p oy

1 A+20 v
w=-— V—z—|,
dap \ A+ u 0z
where A and u are the Lame constants,
a b
X = / / plog(z +r)dx'dy' 3)
—a J—-b
is Boussinesq’s 3-D logarithmic potential, and

a b
14 =f f protdx’ dy “)
—a J—=b

is the Newtonian potential of a surface distribution. We note that for a uniform pressure, p, x and V' depend upon Ax and Ay so that, for
example, — 2 = 2Xwhich will prove useful in what follows. We derive here analytic expressions for the displacements in forms that are

ax x>’

straightforward to implement numerically.

2.1 Horizontal displacements

Following Love (1929), we define

Sy A
=15 — Ay? = (a Fx) + 2%, Bjo >0 (5)
and introduce
__ My ) o
Vo = vh<1 (j=1.2)

io+ Bjo’
where hereinafter the upper(lower) signs correspond to j = 1(2).
9

To obtain an explicit expression for the u-displacement, we take — 1 5o of (3) to obtain
p ox

1 dyx bt S V'=b
—— L = -[log(z +r)]dx'dy’ = (Jy — ), __, ©)
p dax —pJ_q 0X !
where
Jj = / log(z +rj0) dy’ (j =1,2). ™
Similarly,
19V bore s (1 , y'=
I (e =, ®
p ox pJ g OX' \r :
where
r ., .
L71.:‘/—41); (Gj=12). ©)
V/'O
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To evaluate (7) and (9), we change variables following Love (1929) according to

Ay = Bjotan6, dy' = Bjosec’ 6 do

10
rjo = BjosecH, (10)
where —7 < 6 < 7 so that rjy remains positive. Substituting (10) into (7), we obtain
J; =/log(z—|—/3j0 secd)B;o sec? 6 d6. (11)
Integrating by parts yields
0 tan® 6
J; =B |:10g(z + BjosecO)tand — ,3]-0/ seeotan v de}. (12)
’ z+ Bjo
We evaluate the integral in (12) using Mathematica to obtain
sec tan® 9 Vzi—Bjp, 0
df = tan6 —,/ v/ tanh ™! tan —
/z—!—ﬂ,osecG * ~BivEt B ( + B0 2)
9 _gint
+_1 COS; s?nz ' (13)
Bio cos 5 +sin 5

We note that it is straightforward to verify (13) by differentiation. Transforming (12) back to our original variables, we obtain after some
algebra

J; _Ay[log(z+l’jo)—1]+zlog<l z’0>+2|a F x| tan™ (%) (14)
J

To evaluate (9), we again change variables according to (10) to obtain

1
J; =/—dy’=/seco9d9
Vj()

, 1
= log(sec® + tan6) = log (Ay+ JO) . (13)

We note that

(712", = [log(ay +r)]. ", (16)

since Bjo is independent of Ay.
The calculation for the v-displacement proceeds similarly with

ng = r2|}/=:tb = A’ +(bFy)P+27, ro; >0

ﬂgj = rgj — Ax* = (b :Fy)z + 2%, Boj >0 a7
and
Ax 2
= <1 (=12
1zll()j rOj + ﬁo;’ 1://01 (] )
The required integrals include
1 8)( ’
- — [10g(Z +m)]dy'dx’ = (K — K227, (18)
poy ).
where
K; :/log(z—{—roj)dx’ (=12 (19)
10V
_Lz / / ( ) dydx' = (Ky — )=, | (20)
p Ay
where
K= —dx (Gj=12). 21
Toj

As with the u-displacement, we change variables according to

Ax = o, tan0, dx' = By; sec® 6 df

22
ro; = Pojsech, (22)
where —7 < 6 < 7 so that ry; remains positive and obtain
b ,
K; = Ax [log(z +7r9;) — 1] +zlog< * Wo;) +2|b F y|tan™! <M> (23)
1 =1 z+ B
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Also,

1
K, 2/—dx/:/secéd9
Toj

= log(sec + tand) = log (AH"O»")

Boj

and

[K,]57 = [log(Ax +ro))]

X

x'=a

x'=—a

since f; is independent of Ax.

2.2 Vertical displacement

24)

(25)

To obtain an analytic expression for the vertical displacement w, we require both /" and % We begin by deriving an expression for ’g—’/ Taking

19 .
—3% of (4), we obtain

19V bopa
- =/ [ iclx’a’y’.
p 0z b t?

Following our derivation of the horizontal displacements, we rewrite the integrand in (26) as

z 0 |: zAXx + f(Ay, Z)i|,

P ox’ [ (Ay? + z%)r

where f is an arbitrary function. Then (26) becomes

19V b zZAx '=a ~
B A2 L o2V A b d ! — P P y,_b s
p oz /;b [(AyZ o)y + f(Ay z)]x,}a V =P+ Py,

where

/

dy

P, =

= z(a F x)/ N
since f is independent of Ax. To evaluate the integral in (29), we transform variables according to (10) to obtain

secHdo d&

P, = - = S E—

)=z :Fx)_/ ,sz.otanzé + z2 “a :Fx)/ (a Fx)Er+ 22
where & = sin 6; hence,

_y (@Fx)Ay
n _—.

P] = tal
2rjo

Equivalently, we may rewrite the integrand in (26) as
z a zAy
=t gar)|
r3 9y |:(Ax2 +z2)r +a(ax Z)]
where g is an arbitrary function. Proceeding as in (26)—(30), but using the variable transformation (22), we obtain

1oV ea

——— =01+ )%,

p 0z
where

b A
0; =tan~! 7( ) x’
ZV()/'
We note that it is straightforward to show that (28) and (33) are equivalent.
We proceed similarly to obtain two expressions for the Newtonian potential, V/, given in (4) and repeated here for convenience

1 bopaq
4 :/ / —dx'dy'.
P —bJ-al

The integrand in (35) may be expressed as
1 allog(Ax +r) + f(Ay.2)]

ro ax’ ’

where f is an arbitrary function. Then,

Lo .
= / ([log(Ax + )+ F(Ay. D), dy' = (Ly — LY., .

b ;
where

L;= /log(:i:a —x+rp)dy.

(26)

@7

(28)

29

(30)

G

(32)

(33)

(34

(35)

(36)

(37

(38)

© 2003 RAS, GJI, 156, 171-178

220z Jequeideg |z uo 1senb Aq 968¥¥02/L L L/2/9G L /oo1e/B/woo dno-ojwepeoe//:sdiy woli papeojumoqg



Love’s problem 175

The integral in (38) is isomorphic to (7) and may be evaluated accordingly to obtain

L;=Ay [log(:l:a — X +7j)— 1] + (£a — x)log (11_—512) +2ztan”! [ﬂﬁ] (39)
j J

Equivalently, we may rewrite the integrand in (35) as
1 9d[log(Ay +7r) + g(Ax, z)]

r ay’ (40)
Then, it is straightforward to show that
1 Ve
» V=M — My, (41)
where
L+ ¥y, -1 2,
M; = Ax |log(£b — y +ro;) — 1 —|—(:i:b—y)log< 1)+22tan —_— . (42)
’ [ ! ] 1 — o, (b — )+ Bo;
3 SUMMARY
We summarize our results for the horizontal displacements
1 z Ay +r y'=b
u=—L| (s + Dleg( LT 43)
4T | A+ " Ay +ryo ye—b
1 z Ax + 7, ¥
v=—Ll (K- KD+ Zlog (2T , (44)
dr | A+ 2 Ax +ro1 ) Ju__y,

where J; and K; are given by (14) and (23), respectively.

For the vertical displacements

A2 —X)A N i

w:L[ + M(Ll_L2)+Z{tan*1w+tanflw}] (45)

dap | A4+ p zr Zr ye—b
or

A2 b—y)A b+y)Ax |7

w:L{ + M(Ml—M2)+z|:tan_lw—i—tan_lm}] ,

dop | A+ zro1 Zroz x'=—a

where L; and M; are given by (39) and (42), respectively.

4 NUMERICAL VERIFICATION

4.1 An idealized lake load: surface displacements

We consider the elastic surface displacements generated by an applied pressure equivalent to 100 m water depth in a rectangular area 2 x
1 km? ( Fig. 2a). We assume that Young’s modulus £ = %ﬁf“) = 0.6 x 10" Nm~2 and Poisson’s ratio v = m = 0.25. We set the surface
pressure p = p gh where p = 1000 kg m™>, 7 = 100 m, and g = 9.82 m s~2. We evaluate the displacement field along two surface profiles
(1 and 2) each of which bisect the rectangle (Fig. 2a). The horizontal components of displacement, « and v, for profile 1 are depicted by the
pair of curves in Fig. 2(b), and the equivalent results for profile 2 are shown in Fig. 2(c). The vertical component of displacement, w, for
profiles 1 and 2 are also depicted using continuous curves in Figs 2(d) and (e), respectively.

For this idealized lake load, we compare the analytic results (43)—(45) with the well-known formulae for the elastic displacements
associated with circular or disc loads (Farrell 1972) as follows. We approximate the rectangle with a set of 800 abutting but non-overlapping
circles, each with a radius of 25 m, organized into a 20 x 40 grid (the grey circles in Fig. 2a). The pressure in each of these circles is set to
j—z p where p is the pressure applied within the rectangle, 4, is the area of the rectangle, and 4. is the combined area of all 800 circles used
to approximate the rectangular load. This ensures an equivalence in the net force associated with the rectangular load and the approximating
suite of disc loads. The net displacements associated with the suite of disc loads are determined by linear superposition. These results are
indicated in Figs 2(b) and (c) by the small circular symbols. Note the excellent agreement between the numerical approximation based on
disc loads and the exact result (43)—(45) obtained for the rectangular load.

4.2 Simulating a point load: subsurface displacements

Since our first test involves a comparison of displacements at points confined to the surface of the half-space, we have chosen an additional
test that involves computing displacements in the interior of the half-space. We use the solution to Love’s problem (a rectangular load) to

© 2003 RAS, GJI, 156, 171-178

e//:sdiy wouy papeojumoq

220z Jequieides |z uo1sanb Aq 968¥¥02/L LL/2/9G L /elonielb/woo:



176 J M. Becker and M. Bevis

(A) 2 !
i {PROFILE 2 1
1} 1
€ PROFILE 1
é 0 Poeesoocooeosoocooasebiuslresehso00000009000000000
>
1L : .
2 i
-2 -1 o(k ) 1 2
X (km
(B) |
€ 5l u exact
£ 2 - approx
> 0 Vv
) 1
>
2
(€) ,
A exact |
£ - approx
>
S -2} )
>, | PROFILE 2
-2 -1 0 1 2
y (km)
(D) . :
o0 | PROFILE 1
€
E ol
=
-2 -1 0 1 2
x (km)
(E) 25 : : ; . . . .
. PROFILE 2 exact
c 20 * approx 1
E 151
= 10}
S T R
y (km)

Figure 2. Displacements generated by a 2 km x 1 km rectangular load of uniform surface pressure p = 9.82 x 10° Pa in a semi-infinite solid for which
E =0.6 x 10" Nm~2 and v = 0.25. (a) Plan-view of the rectangular load with surface profiles indicated. (b) Horizontal displacements evaluated along profile
1 using (43) and (44) (solid curve) and the numerical results for the approximating suite of disc loads (dots). (c) Same as (b) but for profile 2. (d) Vertical
displacements evaluated along profile 1 using (45) (solid curve) and the numerical results for the approximating suite of disc loads (dots). (e) Same as (d) but
for profile 2.
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Figure 3. Comparison of the displacement field driven by a point force with the present analytical results (43)—(45) for a square region of width ¢ for g — 0.
(a) Grid of the displacement field offset laterally from the point load with Boussinesq’s point load solution indicated by the arrows. (b) rms relative displacement
error, rms(¢), between Boussinesq’s solution for a point load and Love’s solution for a square load as a function of g.

approximate the solution to Boussinesq’s problem, i.e. the elastic response due to a point load (Boussinesq 1885; Farrell 1972). Since the
displacement field driven by a point force is singular beneath the load (i.e. the displacement there is infinite) we choose to examine the
displacement field at a set of points which are offset laterally from the point load. These points, which form a 9 by 6 grid in a vertical plane,
are depicted by the circles in Fig. 3(a). The displacement field driven by a point load is radially symmetric and is computed in cylindrical
coordinates. We set £ = 1 N m™2 and v = 0.25, and compute the displacement field associated with a unit downward force located at the
origin of the coordinate system. This displacement field is depicted in Fig. 3(a). The largest displacement, 0.629 m, occurs at the gridpoint
closest to the point load. We shall refer to the displacement vector computed at any gridpoint as dg, where the subscript B indicates that this
is the solution to the Boussinesq problem.

Next we solve the problem of the displacement field associated with a uniform pressure p applied within a square of width ¢, where
p= qiz, so that the net force has unit value. The square is centred at the origin of the (now rectangular) coordinate system. As ¢ is reduced
relative to the distance between the centre of the load and the nearest gridpoint, the displacement field evaluated at our grid of stations should
approach that associated with the unit point load. Let the displacement vector at any gridpoint due to the square load be d , where the subscript
L indicates that this is the solution to Love’s problem. Since we are attempting to approximate the solution to the point load problem we
W, where ||d|| indicates the Euclidean length of vector d. To evaluate
the approximation error, we compute the rms value of ¢ over the 9 by 6 grid of stations, for each value of g. We have computed this statistic
for a range of square load widths between 3 mm and 0.4 m, and present the results in Fig. 3(b). Note that this is a log—log plot, and that the

define the relative displacement error, ¢, at any gridpoint to be
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178  J M. Becker and M. Bevis

best-fitting line has a slope that is very close to 2; it is seen that if the square load has a width that is very small compared with the distance to
the nearest station (where we compute displacement) then the solution is very similar to that associated with a point load. We have repeated
this experiment keeping £ = 1 but allowing v to take a range of values between 0 and 0.499, The directional fabric of the displacement field
depicted in Fig. 3(a) changes significantly as v varies, but the error plot presented in Fig. 3(b) is completely insensitive to the value of v.

4.3 Some numerical considerations

We note that care must be taken when evaluating (43)—(45) numerically for surface displacements (z = 0) and for x = +a and y = £b. Two
sources of numerical difficulties arise: (1) logarithms the where the arguments go to zero for x = 4-a and/or y = £b and (2) arctangents where
the arguments must be replaced by a limiting form as described below.

In case (1), all singular logarithms are multiplied by algebraic factors that go to zero; hence, the expressions for the displacements
(43)—(45) are regular. For example, the last term on the right-hand side of (43) becomes infinite at the corners of the rectangle since its
argument goes to zero when z = 0. It is straightforward to show, however, that

lim |:i log(Ay +rj0)] =0, X ==a y=b(j =12
=0 u y=b

and

lim [5 log(Ay +r,-0)] —0, x=%a y=-b(j=12)
= 12 . y'==b

and the horizontal surface displacement is finite. These terms are explicitly set to their analytic limit of zero in the numerical code. Similar
terms involving logarithms with vanishing arguments occur in (44) and in the evaluation of J;, K;, L; and M; (j = 1, 2). All are multiplied
by algebraic factors that tend to zero more rapidly than the logarithm becomes singular; hence, these terms are explicitly set to zero in the
numerical scheme.

In case (2), numerical difficulties in the horizontal displacements are avoided by simplifying the argument of the arctangent terms in
J; (14) and K (23) for z = 0. For example in (14), we replace

S la Fx1¥0 Z1 | laF xlo - .
tan I(Tﬂ/oj 70> = tan I[Wx;z} = tan 11//]_0 (J = 1,2)

with similar modification for the arctangent terms in (23). For subsurface vertical displacements (w|..), the arguments of the arctangents are

Zz=|

simplified as described above when x = 4= a in L;, (39) and when y = & b in M}, (42). When z = 0, the expressions for vertical displacements
(45) simplify considerably to

p [A+2u
dop | A+ p

’
x'=a

(M — MZ)z:O] . (46)

X!

Y p a2
wlz:0:

L —Ly)._ =2
(L1 2) 0] el Irwrm

y=—b

=—a

A copy of the MATLAB® code* for the displacements (43)—(45) may be obtained from the authors upon request.
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