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8.1 Introduction:
In order to check foundation serviceability criteria for a structure, we must be able to
estimate how much the structure’s foundations will settle. Geotechnical engineers
typically provide settlement calculations in their soils report, usually based on
preliminary estimates of loads and footing types. As a structure’s design progresses, there
are instances when the structural engineer may need to check the settlement calculation
using more complete loading information.
This chapter will explain some of the approaches used to compute settlement among
many in the “state of the art”. A description of how to run DCALC’s SETTLE program is
provided. Finally, a comparison of DCALC’s results to published examples is presented.
Most structural engineers have their own stories about difficult substructure design
situations, and I have had may share. On one particular project, we designed a building
where settlement became a particularly critical issue. The building permit reviewer
requested the project’s soils engineer to prepare settlement calculations four different
times.
I became frustrated with my limited knowledge of this subject. To fill in my knowledge, I
decided, as usual, to write a software application for computing settlement. There is a lot
to read and assimilate, which is what I have tried to do in this short paper. "There are
many ways to skin a cat", and the same is true for computing settlement. According to
one paper, there are no less than 22 different methods for computing elastic settlement
(Ref. 7, p. 103).
Whatever approach is used, settlement calculations are ballpark estimates, at best.
The inaccuracies that we encounter in computing settlement are entirely due to the
selection of elastic properties of soil that are used (Es and ν), and time dependent
consolidation properties. For computational purposes, we must treat soil as an elastic
material. However, the stiffness assumptions that we make may only vaguely
approximate a soil’s actual behavior.
8.2 Components of Settlement:
The total settlement of a structure is comprised of three parts:
(Ref. 4, AASHTO LRFD Eq. 10.6.2.4.1-1)
St = Se + Sc + Ss
where,
Se = elastic settlement
Sc = primary consolidation settlement
Ss = secondary settlement
In the following sections we will discuss each of these topics in general terms.
* DesignCalcs, Inc. (http:/dcalc.us)
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8.3 Elastic Settlement: General Theory
Elastic settlement has been traditionally approached by first computing stresses in the soil
based on equations from the Theory of Elasticity.
We will begin by discussing the solution to the two
dimensional problem of a point load applied to the edge of
a semi-infinite plate. A very remarkable solution to this
important problem was discovered by Boussinesq in 1885
(Ref. 1, p. 198)

Joseph Valentin Boussinesq
(1842-1929) (Ref. 12)

Fig. 1: Radial Stresses Due to Concentrated Load on Plate Edge (2D Problem)
The radial stress can be resolved into horizontal and vertical stresses, as shown below
(shear stress omitted for clarity):

Fig. 2: Horizontal and Vertical Stresses Due to Concentrated Load (2D Problem)
where
r=(x2 + z2)1/2
cos(θ)=z/r
sin(θ)=x/r
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Our first objective is to find the stresses in the soil due to footing loads. We can make use
of Boussinesq’s equations by considering a footing that is 1 foot wide with a 1 k load
uniformly applied to the footing.

For our purposes, the footing will be divided into ten segments, with 0.1 k applied to each
segment. The horizontal and vertical stresses at any point can be computed for each of the
0.1 k loads and superimposing the results.
The below spreadsheet analysis shows the computation of vertical stress at 1 foot below
the center of the footing (X=0.5, Z=-1):
Stresses at Point (0.5,-1) due to Point
Loads
Pt. No.

Z
1
2
3
4
5
6
7
8
9
10

X
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

r
0.45
0.35
0.25
0.15
0.05
-0.05
-0.15
-0.25
-0.35
-0.45

1.096586
1.059481
1.030776
1.011187
1.001249
1.001249
1.011187
1.030776
1.059481
1.096586

σr
σv
Cos(θ)
Sin(θ)
0.911922
0.410
0.053
0.943858
0.330
0.057
0.970143
0.243
0.060
0.988936
0.148
0.062
0.998752
0.050
0.064
0.998752
-0.050
0.064
0.988936
-0.148
0.062
0.970143
-0.243
0.060
0.943858
-0.330
0.057
0.911922
-0.410
0.053
Total =

σh
0.044
0.051
0.056
0.061
0.063
0.063
0.061
0.056
0.051
0.044
0.550

0.009
0.006
0.004
0.001
0.000
0.000
0.001
0.004
0.006
0.009
0.040

Similar spreadsheets were made for other points under the footing at the same level for x
= -2, -1.75, -1.5, -1, -.5, -.25, 0, 0.25. Then this process was repeated for different levels,
at z = -1, -2, -3, -4, -5, -6, -7, -8, -9, -10.
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The combined results from the spreadsheets is shown below:
Vertical Stress,
Z
(ftg. bot) 0
−1
-2
-3
-4
-5
-6
-7
-8
-9
-10

-2
0.013
0.051
0.075
0.083
0.082
0.077
0.071
0.066
0.061
0.056

-1.75
0.019
0.065
0.088
0.092
0.088
0.081
0.075
0.068
0.063
0.058

-1.5

σv

-1

0.029
0.083
0.103
0.102
0.095
0.086
0.078
0.070
0.064
0.059

X
-0.5

0.070
0.134
0.136
0.122
0.107
0.094
0.083
0.074
0.067
0.061

(ftg edge)
-.25
0
1.000
0.287
0.409
0.242
0.275
0.186
0.198
0.147
0.153
0.121
0.124
0.102
0.104
0.089
0.090
0.078
0.079
0.070
0.070
0.063
0.063

0.185
0.205
0.171
0.140
0.117
0.100
0.087
0.077
0.069
0.062

Σ σv =
Horizontal Stress,
Z
(ftg. bot) 0
−1
-2
-3
-4
-5
-6
-7
-8
-9
-10

-2
0.077
0.075
0.051
0.032
0.020
0.013
0.009
0.006
0.005
0.004

-1.75
0.089
0.077
0.048
0.029
0.018
0.011
0.008
0.005
0.004
0.003

-1.5
0.103
0.078
0.044
0.025
0.015
0.010
0.006
0.004
0.003
0.002

0.25
1.000
0.511
0.298
0.206
0.156
0.126
0.105
0.090
0.079
0.070
0.063

(ftg center)
0.5
1.000
0.550
0.306
0.208
0.158
0.126
0.106
0.091
0.079
0.071
0.064

2.705

2.758

(ftg edge)
0
0.000
0.091
0.020
0.007
0.003
0.002
0.001
0.001
0.000
0.000
0.000

0.25
0.000
0.055
0.010
0.003
0.001
0.001
0.000
0.000
0.000
0.000
0.000

(ftg center)
0.5
0.000
0.040
0.006
0.002
0.001
0.000
0.000
0.000
0.000
0.000
0.000

0.125

0.071

0.050

2.565

σh

-1
0.134
0.071
0.033
0.017
0.010
0.006
0.004
0.003
0.002
0.001

X
-0.5
0.146
0.049
0.019
0.009
0.005
0.003
0.002
0.001
0.001
0.001

-.25
0.127
0.034
0.013
0.006
0.003
0.002
0.001
0.001
0.001
0.000
Σσh =

For this two dimensional problem, there is another horizontal stress, σz, acting
perpendicular to the plane. If the strain in the perpendicular direction, εz, is zero, then the
stress in the perpendicular direction is,
σz = µ*(σv + σh)
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Boussinesq’s equation can be extended to the three dimensional problem of a
concentrated point load acting on a surface (see Ref 2, p. 243):

P

Y

X

R
(x,y,z)

σy

Z
σx

σv
σ v = α z2
σx = α x2
σy = α y2
where,
α = 3Pz/(2πR5) (Ref. 2, p. 243; Ref. 3, p.148; Ref. 10)
R = (x2 + y2+ z2)1/2
The solution to problems involving surface area loads becomes a matter of integration of
small point loads in the area, similar to the previous analysis. This type of analysis can be
solved by spreadsheets and by specially written software applications.
Finally, using the stresses from the spreadsheet solution, we can estimate the settlement
at the surface as follows:

In the vertical direction, each element shortens due to the vertical stress, but also
elongates due to the poisson effect of the horizontal stresses. The vertical strain is,
εv= 1/E*(σv – µσx –µσy)
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Then the shortening of each element is,
∆S = Σεv*h
where h=height of each element.
The elastic settlement is computed as the summation of all of the elements (as though the
elements are stacked in a column):
Se = Σ∆S
Several closed formed solutions have been developed for determining the stress and
settlement of uniform loads applied to rectangles and circles. The AASHTO LRFD
Specification provides the following general equation for the elastic settlement:

Se = [q0(1-ν2)*(A’)1/2]/(144*Es*βz) (Ref. 4, AASHTO LRFD 10.6.2.4.2-1)
where
q0 = applied vertical stress (ksf)
A’ = effective area (ft2)
Es = Young’s modulus of soil (ksi)
βz = shape factor (from table below)
ν = Poisson’s ratio

L/B
Circular
1
2
3
5
10

AASHTO LRFD Table 10.6.2.4.2-1 (Ref. 4)
βz
Flexible Footing
Rigid Footing
1.04
1.13
1.06
1.08
1.09
1.10
1.13
1.15
1.22
1.24
1.41
1.41
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One of the disadvantages of using closed form solutions of this type is that we are left
with a decision of what “Es” to use if the soils “Es” varies with depth. For soils consisting
of several layers, the usual approach that geotechnical engineers use is to compute a
weighted average for Es, taken to a depth of 5*B, or to rock, whichever is less (see Ref. 2,
p. 259):
Es = Σ [Esi * hi] / H
where
Esi = Es for layer “i”
hi = thickness for layer “i”
H = 5*B or distance from bottom of footing to rock
We note that the above table brings into a question of “Flexible” versus “Rigid” footings.
This question has to do with how loads will be applied to the surface. It can best be
explained by discussing the spreadsheet example.
In the spreadsheet example, a 1 foot wide footing was divided into ten segments, each
loaded by 0.1 k. The settlement under the footing is related to the summation of stresses
at the bottom of the table, “Σσv”, as shown below:

Only a flexible, rubbery footing would allow this type of deformation. Rigid footings
may not bend sufficiently. Consequently for rigid footings, the applied load becomes
non-uniform, requiring a re-iteration of the problem, if deemed necessary.
Reviewing engineering technical literature on this particular subject, we must appreciate
the great effort that past researchers went through before personal computers. The
solution of Boussinesq’s equations in particular has received a great deal of attention
from theoreticians of the past, who solved closed form solutions using calculus for
various surface load conditions. Complex closed formed solutions and design curves,
developed long ago, are commonly in use by many engineers today. It is important to
remind ourselves that the theoretical basis of closed formed solutions was derived from
the Boussinesq equations, and similar solutions, such as Westergaard’s equations (see
Ref. 14) and Mindlin’s equations, typically used for piles (see Ref. 8).
Since the advent of powerful and fast personal computers, it is no longer difficult to
perform numerical integration of the Boussinesq equations. Although seemingly more
complex, numerical integration is an easy process based on a few simple equations. More
importantly, software applications that use numerical integration are simply more
powerful than closed form solutions, and can be applied to virtually any surface loading.
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8.3 Elastic Settlement: Soil Properties:
Soil is “quite a different animal” than other structural engineering materials, as we will
discuss in this section. For settlement analysis purposes, engineers typically must resort
to treating soil as a pseudo-elastic material, simply to get results of some kind.
Unfortunately for our purposes, the stiffness characteristics of soil (Es and ν) are
extremely difficult to determine.
We can better appreciate how soil is not elastic by comparing it to other elastic
engineering materials, such as steel and concrete.

For elastic materials, the shortening due to compression is primarily due to the
accumulated shortening between molecules. Soil is not comprised of tightly bond
molecules, but is a mixture of loosely spaced particles, grains and water.
Joseph E. Bowles, explains soil behavior quite well:
“The principal components of ∆H are particle rolling and sliding which produce a
change in the void ratio, and crushing which alters the material. Only a very small
fraction of ∆H is from elastic deformation of the soil grains. As a consequence, if the
applied stress were to be removed, very little of the settlement ∆H would be recovered.
Event though ∆H has only a very small elastic component it is convenient to treat the soil
as a pseudo-elastic material with ‘elastic’ parameters of Es, G’, ν, and k, to estimate
settlement.” (Ref. 2, p. 240)
Thinking in those terms, a material that deforms by “rolling and sliding” is a very
difficult material to define in linear elastic terms.
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The below table is compilation of criteria that experts say is adequate for elastic
settlement criteria in the absence of more accurate data (combined from Bowles, Ref. 2,
p. 266, and Ref. 4, AASHTO LRFD Specification commentary Table C10.4.6.3-1):
Soil
Sand (normally
consolidated)
Sand (overconsolidated)
Clayey sand
Silty sand
Clay (normally
consolidated)
Clay (overconsolidated)

Es (ksf)
10 * (N + 15)

ν
0.3-0.4

360 + 15*N
6.4 * (N+15)
6 * (N+6)
(200 to 500) * su

0.3-0.4
0.2 –0.3
0.3-0.35
0.4-0.5

1000 * su

0.5

where in the above table,
N = SPT blow counts per foot
su = undrained shear strength from UU test
Frequently soils reports include stress-strain curves from unconfined compression tests of
samples, such as shown below taken from an actual project:

A modulus of elasticity, Es, can be evaluated using a graph like this, leading one to
believe that they will be working with “more exact” assumptions. However, soil in its
insitu state usually exhibits much stiffer properties than disturbed laboratory samples
used in unconfined tests – sometimes by a factor of 4 or 5 (Ref. 2, p. 101). Using an “Es”
based on unconfined samples will lead to conservative results.
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8.4 Primary Consolidation Settlement:
The mechanical behavior of soil is additionally complicated by the presence of water
within the soil structure. Compressing soil is a lot like squeezing a sponge with water.

A sponge does not compress immediately, because it takes time to squeeze the water out.
The same is true of soil that has water. During the time the sponge has water in it, the
applied pressure, σv, is supported by water pressure and by the structure of the sponge.
After all the water is squeezed out, the applied pressure is supported entirely by the
structure of the sponge. The changing moisture content of the sponge causes a non-linear,
time dependent response of the sponge to pressure.

In the above sketch, a closer examination of the sponge structure is depicted. The water
pressure within the sponge, uw, we will call the “pore water pressure”. The pressure that
structure of the sponge supports we will call the “effective pressure”. For soil settlement
calculations, similar terms are used, with following relationship:
Effective stress = Applied stress – Pore water pressure
(see Ref.3, "10.2 Definitions")
σ’ = σv - uw
In 1925, Karl Terzaghi developed a one dimensional consolidation
theory to interpret soil consolidation (Ref. 9, p. 103). In his theory,
Terzaghi reasoned that the consolidation of a clay sample that is
placed under pressure is fundamentally related to how much water is
squeezed out of the clay sample. The partial differential equation
describing this behavior is,
δu/δt = Cv* δ2u/δz2
meaning,
The rate of change of pore water pressure
=constant*gradient of pore water pressure with depth
The solution to the above involves an exponential time function.

Karl Terzaghi
(1883-1963)
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Consolidation settlement is computed using an approach that uses a soil’s “void ratio”
rather than a linear stiffness modulus, Es (which would be useless for this purpose,
because consolidation behavior is so non-linear).

It is convenient to visualize a volume of soil as composed of a “void” part and a “solid”
part, as shown above. The portion of the total volume that is voids is termed the “void
ratio”,

e = Voids/ (Voids + Solids)
Now consider a soil sample that has an initial void ratio, “e1”, which after settlement then
has a void ratio, “e2”, as shown below:

The initial volume is,
Voids1 + Solids = H*Area
e1*H*Area + Solids = H*Area
Solids = H*Area *(1 – e1)

(Eq. a)

The final volume is,
Voids2 + Solids = (H - ∆S)*Area
e2*[(H - ∆S)*Area] + Solids =(H - ∆S)*Area
Solids = (H - ∆S)*Area*(1 – e2)
(Eq. b)
Setting “Eq. a” equal to “Eq. b”,
H*Area *(1 – e1) =(H - ∆S)*Area*(1 – e2)
Rearranging,
∆S = (e1-e2)/(1 – e2) * H
Defining the change the void ratio as,
∆e = e2 – e1
leading to,

Basic equation for consolidation settlement in terms of void ratio:
∆S = - ∆e/(1+ e) * H
(see Ref. 10)
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The relationship between a soil's vertical stress and its void ratio can only be
determined from a consolidation test. The results of a consolidation test are very nonlinear. The results are typically plotted using a log scale for the stress axis. A generic
consolidation test is shown below:

The above figure shows a kink, which occurs for “overconsolidated” clays at a stress σ’p,
which is the maximum past vertical effective stress in the soil. For example, in Chicago
during the last ice age that created the Great Lakes, the “Chicago clay” was loaded by
very heavy glaciers, therefore these clays are overconsolidated. In areas where clays have
not experienced extremely heavy loads in the past, the clays are called “normally
consolidated”.
Consolidation Settlement Equations (Ref. 4, AASHTO LRFD Art. 10.6.2.4.3)

Clay Type
Overconsolidated where σ’p > σ’0
Normally consolidated where σ’p =
σ’0
Underconsolidated where σ’p < σ’0

Sc
[H/(1+e0)]*[Cr * log10(σ’p/σ’o) + Cc *
log10(σ’f/σ’p)]
[H/(1+e0)]*[Cc * log10(σ’f/σ’p)]
[H/(1+e0)]*[Cc * log10(σ’f/σ’p)]

where in the above table,
Cr= recompression index
Cc= compression index
σ’p = maximum past vertical effective stress in soil
σ’o = initial vertical effective stress in soil
σ’f = final vertical effective stress in soil
The initial vertical effective stress in the soil, σ’o , is computed based on the unit weights
of the soil layers.
p.8-12

Settlement Computations Using DCALC
The final vertical effective stress in the soil, σ’f (due to a foundation load) is computed
using either a Boussinesq-type equation, or based on using a 2:1 distribution pressure
pyramid.
Now the most difficult question: What values for Cr, Cc should we assume for
calculations if a consolidation test has not been made? Remember, we are focusing on
ballpark estimates. What are the typical ranges of Cc?

The above graphs (Ref. 5, Fig. A-14) shows values of Cc based for two types of clay,
"Chicago Clay" and "Undisturbed Clays". Note that Cc values range from 0.10 to 0.60.
Note that the left graph uses the moisture content, wn, as a criteria, whereas the right
graph uses the liquid limit, LL, as a criteria.
Nearly all soil boring logs indicate the moisture content, wn, of laboratory clay samples.
If we are working with "Chicago Clays", we can use the above left graph:

For Chicago Clays, Cc can be estimated as
Cc = 0.01 wn

(Ref. 5, p. 131)

If we are not working with Chicago Clays, we can use the above right graph.:

For undisturbed clays, Cc can be estimated as
Cc = 0.009 * (LL - 10)

(Ref. 5, p. 131)

If the clay is preconsolidated, we will need to know if the new loads are less than or more
than the maximum past stress. This question is critical, because results can vary
significantly depending on which side of the kink the stress falls. The maximum past
stress can be estimated from field tests and by laboratory consolidation tests.
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Geotechnical reports typically have descriptions of the geology of the site and the
historical geology of the region. It is important to know whether the soil at the site
has been preconsolidated by glaciers or other circumstances. For example, in
Chicago, the glaciers were quite heavy, and we know that all clay in Chicago is
preconsolidated. If we are designing a one or two story building in Chicago, it is a safe
assumption that the new foundation loads will not exceed the maximum past stress of
glaciers and, therefore, consolidation will fall on the left side of the consolidation graph.
Empirical relationships have also been developed for estimating the maximum past stress
(sometimes called the “preconsolidation stress”):

An empirical estimate for the preconsolidation stress that is sometimes used
in the absence of test data:
σ’p = Qu/(0.11 + 0.0037*PI) (Ref. 6, p. 5)
where Qu = unconfined drained shear strength (ksf)
and PI = plasticity index in percent
We have many things to consider here, making our task particularly difficult in the
absence of consolidation test data. If a soil boring log indicates soil types using the
Unified Soil Classification System, we can estimate liquid limits and plasticity index’s
using the below graph (Ref. 12):
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If we can make certain generalizations about liquid limits for the UCS clay types, then we
can infer values for Cc and σ’p , for estimation purposes:
UCS
CH
CL
MH
OH
CL
ML
OL

LL (est)
65%
35%
70%
70%
15%
15%
40%

PI
34%
11%
37%
37%
5%
5%
15%

Cc=0.009*(LL –10)
Cc = 0.495 -> Say 0.5
Cc = 0.225 -> Say 0.25
Cc = 0.54 -> Say 0.55
Cc = 0.54 -> Say 0.55
Cc = 0.045 -> Say 0.1
Cc = 0.045 -> Say 0.1
Cc = 0.27 -> Say 0.3

σ’p=Qu/(0.11+0.0034*PI)
σ’p= Qu/0.226
σ’p= Qu/0.147
σ’p= Qu/0.236
σ’p= Qu/0.236
σ’p= Qu/0.127
σ’p= Qu/0.127
σ’p= Qu/0.161

If a clay is preconsolidated, then if the applied loads do not exceed the maximum past
load, the slope of the consolidation line, Cr, should be used to estimate consolidation
settlement. In the absence of consolidation tests, Cr can be estimated as
Cr = 10 to 20 percent of Cc
(Ref. 5, p. 130)
Finally, to compute a consolidation settlement we will need to know the void ratio of a
clay ratio. Knowing the moisture content, we can estimate the void ratio by using the
following conversion:
e = G*wn/S = approx. G*wn
where
G= specific gravity of solid matter = 2.65 (average for common soil minerals)
wn = moisture content (expressed in percent)
S = degree of saturation = volume of water/weight of solid matter (expressed in percent)

8.5 Secondary Settlement:
In geotechnical analysis, the settlement that occurs after primary consolidation is called
secondary settlement. Per the AASHTO LRFD Commentary, “ Secondary settlement is
most important for highly plastic clays and organic and micaeous soils”.

Secondary settlement is computed as
Ss = H/(1+e0) * Ca*log10(t/t90) (Ref. 4, AASHTO LRFD 10.6.2.4.3-9)
“Ca” is determined from consolidation tests for a soil sample stressed to the expected
final effective stress. Therefore, the parameter, “Ca”, depends on the state of stress.
In the absence of test results, the following relationships have been used (Ref. 5, p. 134):
Clay type
Ca
Inorganic clays and silts
Ca=(0.04 +/- 0.01)*Cv
Organic clays and silts
Ca=(0.05 +/- 0.01) *Cv
Peats
Ca=(0.06 +/- 0.01) *Cv
(As an alternative to using the AASHTO LRFD equation, DCALC estimates the ultimate
secondary settlement as Ss = Sc * Ca/Cv. The user is asked to input a ratio for “Ca/Cv”
that typically ranges from 4% to 6%.)
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8.5 How DCALC Computes Settlement:
The program "SETTLE" computes settlements under footings, caissons and
embankments using a numerical integration approach for solving Boussinesq's equation.
The SETTLE program is designed to read soil boring log information entered in the
BORING log program.
To compute settlements, the user will go through the following sequence of operations:
1. Run BORING. Enter the soil boring stratigraphy based on the boring log:

2. Enter soil boring samples based on the boring log:
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3. Run SETTLE. Retrieve the information entered in the BORING program.
4. Enter soil properties:

You will see the right buttons for each layer under "(Click here to estimate soil
properties)". If you click on one of these buttons you will see the following screen:
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There is quite a bit of information that we need, as this screen indicates. As we have
discussed, settlement calculations are only as good as the estimate of soil parameters.
We are getting into information that only a geotechnical engineer can accurately provide
based on laboratory test. Unfortunately, laboratory tests are not always performed and we
must sometimes resort to estimating soil properties. By clicking on "Click Here to
Estimate Soil Properties", SETTLE will estimate properties, based on various empirical
rules that have been described in this paper.
5. Enter loading data:

You are able to enter up to 20 loads comprised of rectangular or circular shapes.
6. Save the input file
7. Print settlement calculations.
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The following shows example output for a footing on soil consisting of three layers:
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SETTLE solves the settlements using the following approach:
• Each footing is divided into 100 elements (10x10)
• The load is allocated to each of the elements and is applied to the surface as a
concentrated load at depth "Z" relative to the surface elevation.
• The vertical and horizontal stresses below each of the relevant points ("Corner
A",…"Center") are calculated using Boussinesq's equation. Vertical and
horizontal stresses for 1' tall increments from the base of the load to the bottom of
the boring are calculated, as though the 1' tall increments form a column from the
bottom of the boring to the base of the load.
• Settlements under each relevant point are computed by summing the shortening of
all 1' tall increments below a relevant point.
You will notice that there are two solutions: One for flexible footings and another for
rigid footings. The "flexible" solution is the solution computed based on the loads
entered. The "rigid" solution is a solution that fits settlements in a straight line, based on
usual beam theory (i.e., "plane sections remain plane"). The flexible solution may show
settlements that only a rubbery footing - or an embankment - will be able to conform to
the shape. Redistribution of load usually occurs under a rigid concrete footing (see p. 87).
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8.5. Comparison of DCALC's SETTLE to Published Results
8.5.1 Example 1:
For this example problem, we will compare the elastic settlement for the below problem
computed by DCALC with a closed formed solution computed by the following equation
:
Se = [q0(1-ν2)*(A’)1/2]/(144*Es*βz) (Ref. 4, LRFD 10.6.2.4.2-1)

Closed Formed Solution:
q0 = 4 ksf
Es = 350 ksf = 2.43 ksi
ν = 0.3
βz= 1.06
A' = 4'x4'
Se = [4*(1-(0.3)2)*(4'x4')1/2]/(144*2.43*1.06) = 0.04 ft =0.47 inch
DCALC Results:

The maximum settlement at the center is 0.44", which is comparatively close to the
closed formed solution.
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8.5.2 Example 2:
The following example was taken from a workshop course published by the University of
Sydney on the Internet (Ref. 9). The objective of this workshop paper was to study
consolidation settlement.
For this comparison, it was necessary to convert the data for this problem from SI units to
foot-pound units.

Published Result:
Total settlement = 0.1531 m = 6.03 inch (due to primary consolidation only)
DCALC Results:

We see that DCALC has computed a primary consolidation settlement of 5.946 inch,
which is virtually the same answer.
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8.5.3 Example 3:
This problem appears in a technical design guide published by the U.S. Army Corps of
Engineers (Ref. 6). The consolidation settlement of an embankment is calculated.
Accurate consolidation properties from laboratory tests were used for this calculation:

Published Results:
Edge settlement = 1.87 inch (due to primary consolidation only)
Center settlement=4.68 inch (due to primary consolidation only)
DCALC Results:
The embankment loading was entered as three rectangular surface loads: 15'x50', 10'x50'
and 15'x50'. The surface loading on the outside rectangles varies from 0 ksf to 2.44 ksf.
The surface loading on the inside rectangle is 2.44 ksf uniform.
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Some interpretation in results is necessary, since the loading was entered as 50 feet long,
whereas the embankment is "infinitely" long for calculation purposes. If we take the
primary consolidation settlement of Load No. 1 at "Edge 0.5AD" as the "edge of
embankment", and Load No. 2 "Center" as the "center of embankment", then
DCALC "edge" = 1.443 inch
DCALC "center" = 4.892 inch

(compared to 1.87 inch published)
(compared to 4.68 inch published)
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8.5.4 Example 4:
In 1994, the FHWA conducted a series of full scale settlement tests of five spread
footings on sand (Ref. 7). The published results are an exhaustive treatment of the state of
the art of how engineers predict elastic settlement. Prior to making the tests, various
consultants and academics were asked to predict the settlement of footings. The predicted
settlements fell between a fairly wide range. The accuracy of the predicted settlement to
the measured results was also presented, also showing a fairly wide range in accuracy.

Published Results:
The actual measured elastic settlement after 30 minutes was,
Se = 150 mm = 5.91 inch
DCALC Results:

The computed elastic settlement is 5.08 inch, which is fairly close to the measured
settlement for this particular footing.
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