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PREFACE

The general scope of this thesis is not to develop
new theoretical methods'of-soils analysis, but to apply
computer meﬁhods tb existing theory. ’The objective.of the
study is to: (i) investigate the applicability and féasi—
»bility of géﬁpﬁter‘éélutions for differertial settlement
’analysis, (2)'deveiop“cbmputér progfams for differential
»Settlement‘analysis, (5):orgahize steps of procedure for
the study of>différénfial ééttlement.v An excellent start-
ing point for an understanding of;the'ﬁéterial contained

in this study_is,the,tekt 8011 Mechanics and Foundations

by J. V. Parcher and R;“E;:Meahs. :Methédsfof anélysis for
the differéntiél séttieﬁent»of;foundationé that are pre-
sented in the text are the basis for the computer solu-
tions that are preéented in this study,

I would especially like to express my appreciation to
Professor R, E. Means for his invaluable advice and encour-
agement. As an adviser, his technical advice coupled with
great patience and understanding did much to lessen the
difficulty of preparing this study. I would also like to
thank the other members of my committee for their
assistance: Professor L. O, Bass and Dr. J. V. Parcher.

I would also 1ike to acknowledge my appreciation to
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the National.Sciénce Foundétion for their financial sup-
port. For his aid in'géining financial support and his
interest, I would also like to thank Professor F. C.
Salmon. |

In addition, I would like to thank Velda Davis fbr

her typing excellence and advice.
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CHAPTER I

THEORY AND METHOD OF FOOTING
SETTLEMENT ANALYSIS

Background Informatioh

Structures built dn compressible clay soils are likely
to experience unequal foundation settlements. Unequal sét—
tlements of footing groups very often result in damage to
inflexible structural and architectural materials. On
normally consolidated clay soils, tolerable differential
settlement is more often the governing factor in the de-
sign of footings than is adequate bearing capacity. The
problem for the engineer is to predict differential set-
tlements accurately and to design the building foundations
td limit the magnitude of differential settlement.

There is no agreed upon code limits for the magnitude
- of allowable differential settlements. ©Some proposed de-
sign limits of‘differential settlements‘are pfesented by
deers (l). Some representative examples of allowable
differeﬁtial settlements are liéted in Table I. In'any
case, the limits of maximum'differéntial settlement should
be the maximum‘differencé in elevation between footings

that would not result in cracking or other damage to



brittle building materials. The establishment of code

requirements for differential settlement may only be of

academic interest, becéuse of the limited range of accuracy

of a soil settlement analysis,

TABLE I

RECOMMENDED ALLOWABLE DIFFERENTIAL SETTLEMENTS

High Continuous Brick Walls . . . .

One Story Brick Mill Bulldlng,
Wall Cracking . . . . . o . e

Plaster Cracking. . « « « o o
Reinforced Concrete Building Frame.

Reinforced Concrete Building,
Curtain Walls . . + v ¢« & « & o &

Steel Frame, Continuous . : . ..

.0.0005 L to 0.001 L

« 0.001 L +to 0.002 L
. 0.001 L
.0.0025 L to 0.004 L

e e e . . . 0.003 L
| . 0.002 L
. 0.005 L

Simple Steel Frame . . .

Methods of Limiting Differential Settlements

For normally consolidated clay
settlement may be controlled by one
One method is to float the building
of an amount of overburden equal to

building. This is normally done by

soll, differential

of four methods (2).
in the soil by removal
the weight of the

excavation for a base-

ment. If the weight of the overburden removed were exactly



equal to the weight of the building at every point on the
site, there would be no change in stress on the soil be-
neath the building and, hence, no settlement. In actual
practice a precise balance of weights would be impractical.
Under these conditions, the magnitude of change in stress
would be less. Therefore, the net settlement would be
less, and the differential settlements would be less
severe. Differential settlement canvalso result from the
effect of a pressure heave. As the site is excavated, the
unloaded soil may tend to swell at the center of the exca-
vation. As the building load is placed on the clay soil
and the soil is reloaded, some differential settlement
will occur due to the recompression of the expanded soil.
While the method of floating the foundation may not com-
pletely eliminate settlement, it is an effective method to
limit the magnitude of settlement and to control differ-
ential settlement. |

Another approach to limit differential settlement is
to adjust the size of the footings for equal settlement.
The settlement of a footing is influenced by both the con-
tact pressure and the width of the footing. Increased
contaqt pressure of a footing would cause increased set-
tlement due to the application of greater load. Increased
width of a footing with a constant contact pressure also
tends to increase settlement, because the stress due to
the load is carried to deeper soil layers. The adjustment

of an individual footing size with a constant column load



must take into account both opposite effects. When there
are adjacent footings that cause overlapping pressure, the
settlement of a single footing is also influenced by those
footings adjacent to it. Because of the many variables,
the design of a set of foofings-for equal settlement would
be a trial ahd error process. It is, however, theoreti-
cally possible to design a group of footings that will
have settled an equal distance at some point in time by
adjusting the contact pressures. Consideration must be
given to the rate of settlement. Footings of different
dimensions would settle at differing rates. Therefore, it
might be possible to design for equal settlement after a
time period of five years. Yet there would be unequal
settlement before and after that time. The approach would
be difficult to apply with precision, but approximate ad-
Jjustments of footing dimensions is often used to limit
differential settlements. When it is known that the in-
terior footings will settle most, fhe dimensions of the
interior footings can be increased to limit the expected
differential settlement.

A third method is to distribute the total building
load over the site by means of a system of cantilevers
that apply heavier loads on the exterior footings and
lesser loads on the interior footings. The theory of the
method is to stress the soil equally beneath each part of
the structure. The interior of a structure would normally

settle the most, because the interior columns for a normal



uniform grid spacing would carry greater loads. By ad-
Justing the building structure to act as a cantilever, a
greater part of the total load can be carried to the ex-
terior footings. The practical application of the proce~
dure would involve many of the same problems of the second
method. The effects of different footing widths and pres-
sure overlaps must be considered. A completely precise
balance of soil stresses at each point beneath the build-
ing would be impractical.

Another method is to increase the stiffness of the
structural frame or slab to limit differential settlements.
Increased stiffness of a building structure has the effect
of reducing differ@ntial settlement. If a structure were
infinitely stiff, differential settlements would be zero.
As a general rulé, the structure of a building reduces
unequal settlement, yet conventional settlement analysis
of foundations ignores the efféct of the stiffness of the
structural frame. Bettlements of footings are analyzed as.
though each were independent and not connected strﬁctur~
ally. The independent settlement analysis is conservative
in that actual differential settlements are less than pre-
dicted unless the settlements are large enough to cause
feilure of the structure. The analysis of settlements
considering structural stiffness is discussed in Chapter
IIT, and the effect of structural sﬁiffness is discussed

in Chapter IV.



Computation of Settlement

If a confined layer of normally consolidated clay is
subjected to additional vertical stress, the material will
be compressed. 'The method for estimating the change in
height of a normally consolidated clay layer is presented
by Terzaghi (3). YThe computation of the settlement of a
compressible clay layer is hased upon a consolidation test
of a soil sample, and the development of a void ratio-log

pressure curve for a specific soil sample.

VOID RATIO

ol 1.0 100 1000
LOG PRESSURE

Figure 1. Typical Void Ratio-Log
: Pressure Curve .

As presented by Terzaghi, the slope of the virgin
portion of the void ratio-log pressure curve for normally

consolidated clay can be approximated by a straight line



relationship. The slope of thé line is defined as the
compression index (CC). Thebdevelopment of the void ratio-
log pressure curve for a soil sample makes it possible to
approximate the settlement for a compressible layer as a
logarithmic function of applied pressure. The change in
height of a compressible clay layer can.be evaluated if

the aVerage change in stress ié knqwn. The change in
height of a normally consolidated clay layer of H thick-
ness is given by the rélationship; |

HxC
c PrL + AP
AR = T Bome Tp

Therefore, the settlement of an individual clay layer
can be evaluated as a logarithmic'functioﬁ of the compres-
sion index which can be detérmined by léboratory tests on
soil. samples.’ Thé procedufe forbcomputing the settlement
of a specifiec point on the surface of a soil mass is to
sum thé‘settlements for each of the individual soil layers
beneath the point being considered.

As presented by Means (4), an alternate method to
evaluate settlements due to small changes in pressure is
to approximate the tangent of the void ratio—pressure‘
curve by the secant of the curve. For a limited range of
pressure change, the method has the advantage of greater

convenience., The method is illustrated by Figure 2.
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Figure 2. Void Ratio-Pressure Curve

Computation of Pressure Within a Soil Mass

When avfoofing load is applied to a soil mass, the
compressive stress on the soil layers beneath the footing
is inéreased. In order to calculate the change in height
of a layer of normally consolidated clay, the average
bchange in stress of the layer must first be computed. The
most often used method of computing the stress change
within a soil mass due to foundation loads i1s the method
first presented by Boussinesq (5). Considering an iso-
lated point load on the surface of a soil mass, it is
possible to compute the change in stress at any point
within a compressible soil layer by using the solution of
Boussinesq.

. 29 z?
z 2n (rg + 72 )5/2°

Ao



The solution assumes a semi-infinite, homogeneous,
and elastic mass. The inaccuracy of these assumptions
when considering a soll mass is one of the major factors
that 1limits the accuracy of settlement computations. For
some conditions of stratified soils, the sclution for
pressure change presented by Westergaard (6) would be more
accurate.

For a footing pad with a uniform contact pressure,
the stress change at a point within a soll mass is influ-
enced by the footing dimensions as well as the total load.
When the load is ét a distance from the point under con-
sideration, the effect of the distant footing'srdimensions
is less significant. Within the region directly under the
contact area between the footing and the soil mass, the
effect of the footing widthvon the concentration of stress
is significant.

As presented by Newmark (7)s an integration of the
Boﬁssinesq point load formula can be used for a more pre-
cise analysis of the stress change within the soil under a
loaded contact area. In the form presented by Newmark,
the pressure beneath the corner of a rectangular uniformly
loaded area is found. By dividing a rectangular footing
pad into four areas, the pressure beneath the center of
the footing can be determined. ©See Figure 3. An integra-
tion of the Boussinesq formula for a circular uniformly
loaded area can be applied for circular footings (8).

The integration of the Boussinesq formula for a
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footing pad assumes that the contact pressure between the
footing and the soll is uniform. The assumption of a uni-
form contact pressure between the soil and the footing
would be correct if the footing pad were completely flexi-
ble and uniformly loaded. Because of the structural
stiffness of the pad, the contact pressure between tThe
soil’and‘the footing would be non-uniform. The actual and
assumed footing contact pressures for‘clay are plotted in
Figure 4. Because of the difficulty of precise theoretical
development and because the error created is slight, the
contact pressure of a footing pad is commonly assumed as
uniform.

To compute the pressure at the midpoint of a compress-
ible clay layer as caused by a group of footings, the
effect of pressure overlap must be considered. Refer to
Figure 5. The change of stress beneath footing B due to
the loads of footings A and C can be computed with reason-
able accuracy by using Boussinesqg's point load formula
directly. To compute the change of stress beneath footing
B due to the load of footing B, the integration presented
by Newmark would be more precise. By summing the pressure
changes due to each cause, the net change in stress on an
incremental element of soil beneath footing B can be
determined, The settlement contribution of that layer for
footing B could then be computed by the method presented

in Section 1.3.
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Figure 5. Effect of Pressure Overlap on
Footing Settlement

Computation of Settlement for Footing Groups

A normal building foundation is made up of many foot-
ing pads. The engineer is most often interested in the
differences in settlement between adjacent footings. The
general procedure of an analysis for the settlement of a
footing is to evaluate the change in height of each soil
layer beneath thé footing. The change in height of each
soil layer at a position beneath the footing being con-
sidered is influenced by the stress change due to adjacent
footings. The settlement of footing A is the sum of the
settlements at each soil layer beneath that footing. The
methods previously developed canbbe used to evaluate the
settlement, but the volume of computation requires the
organization of the work (9). The general steps of the

procedure to compute the settlement of a footing group are
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as follows:

10

otatement of problem. The solution requires
that the spacings, loads, and sizes of the
footings be known. From laboratory tests on
soll samples, the compression index, density,
and void ratio of each soil type must be known.
Divide the soil profile into layers. For the
purpose of calculations, the soil profile
below the structure is arbitrarily divided
into a number of horiZontal strata. For con-
venience, the divisions should ccincide with
any natural divisions such as change in soil
types, water table, and the footing base.

The pressure beneath a footing changes more
rapidly near the footing base. Therefore,
strata divisions should be smaller near the
footing base and thicker at greater depths.
Sowers (10) presents a table of maximum stra-
tum thickness for settlement analysis. See
Table II. The maximum stratum thickness is
determined by the footing width and the depth
of the stratum. A very fine division of
strata would not be significantly more accu-
rate, and would require more cycles of compu-
tation that would increase the time and the

cost of the analysis. As a minimum, all

~compressible layers at a depth less than the
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building width should be considered.

Compute changes of stress. To evaluate the
settlement of a footing, the average change
in stress beneath that footing at each soil
layer due to each footing load must be
evaluated. The change in stress at the mid-
point of the soil layer is assumed to be the
average pressure change. At each midpoint,
the stress contribution of each footing load
must be computed and summed for the net stress
change that is used for the settlement compu-

tation. The process must be repeated for each

“individual footing. The methods presented in

Section 1.4 can be used. When computing the
change in stress caused by an adjacent foot-
ing, the Boussinesq point load formulation
can be used directly. DFor the effect of a
footing load directly over the point being
considered, the integration presented by
Newmark would be used for better accuracy.
Calculate change in height of soil layers.
To evaluate settlements, the change in height
of each soil layer beneath eaéh footing must
be calculated individually. The sum of the
changes in stress at each required point, as
found in step %, is used for this calcula-

tion. The method presented in Section 1.3
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can be used to evaluate the change in height
at each point.

5. Sum the settlements of each footing. The
net settlements of each footing can be deter-
mined by adding the contribution to settle-
ment of each soll layer.

6. Compare individual footing settlements for
differential settlements. The settlements of
adjacent footings can be compared numerically
to determine the differential settlements.

The magnitude of differential settlements in-
dicate the amount of strain that can be ex-
pected to be placed upon building materials.

As can be readily seen, the process of calculating

~differential settlements when applied to a normal building

would require a large volume of computation. Much of the
computation could be minimized by the use of graphs. As is
explained in Chapter II1, the repetitive nature of the cal-
culations makes the solution ideally suited to digital
computer operations.

The degree of accuracy of the calculations when com-
pared to actual solil behavior is very limited. Even for
ideal conditions, accuracy of ten to fifty per cent would
be in the expected range (11). The major reasons for the
limited accuracy is that soil is never uniform or mathe-
matically consistent in behavior as the settlement calcu-

lation must assume. The analysis also completely neglects
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the effect of the structure as it restrains and limits
differential settlement. In this respect, the analysis is
conservative, because the stiffness of the structure tends
to reduce differential settlement. The effects of the
stiffness of the structure on differential settlement is

discussed in Chapter III and IV.

TABLE II
MAXIMUM STRATUM THICKNESS FOR SETTLEMENT ANALYSIS

Depth to Middle of Stratum Maximum Thickness of
in Terms of Footing Width ~ Stratum or Substratum in
‘ ' .~ Terms of Footing Width

1/2 B (bf'leSg)._; s 4 e e e e e 0o . 1/3B
B [] (o [] [} . . . .o . " ¢ e . . :o ‘o . o 1/2 B )
2 B . e L } L L} . l * 8 . . L} . ° a 2/3 B

. J- R B
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CHAPTER II

COMPUTER AFPLICATION FOR INDEPENDENT
SETTLEMENT ANALYSIS

Explanation of Computer Method

Because of the large amount of computation, the only
feasible method of making an independent settlemtn analy-
sis for each footing of a structure 1s by application of
computer methods. The high speed of a digital computer
greatly reduces the time and cost of a complete analysis.
In general, a computer solution allows greater flexibility
in the employment of engineering theory. Because the
amount or difficulty of the computation is much less impor-
tant, a computer solution is more free to pursue the most
applicable theory, regardless of computational difficulty.
Short-cut methods need not be used at the expense of
precision.

The workings of the program follow the same pracedure
as outlined in Section 1.5. The program was written in
the Fortran IV language, and an IBM 7040 digital computer
was used for the computation. A general flow diagram of
the logic followed by the computer solution 1s shown 1in

Figure 6., In Appendix A is a more complete flow diagram

18
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Figure 6,. General Flow Diagram of Proceedure for the
Analysis of Independent Settlement of
Footing Groups



of computer operations. An example problem is also in-
cluded in Appendix B.

The input information for the computer solution can
be divided into two classifications. The first section of
input information includes the center-to-center spacing of
the individual footings, the net load on each footing, and
the dimensions of each footing pad. In order to organize
the computation for digital computer methods. a nonuniform
but rectangular coordinate system is imposed on the sur-
face plane. For cases of irregular column spacing that do
not match a grid, zero loads are introduced to fill out the
grid pattern. The distances bétween coordinates in the
'X" and 'Y' directions are part of the input data. For
settlement computations, the load considered is the dead
load plus the part of the live load that would act on the
structure for a long period of time., The organization of
the input information for an example problem is illustrated
in Appendix B.

The second section of the input data concerns the
engineering properties of the soil. The soil would be
divided into layers as explained in Section 1.5. By means
of the input data, the strata divisions and the number of
strata considered can be varied to match each individual
soil profile. This is done to give a maximum of flexibil-
ity to the engineer in the Jjudgment of specific problem
requirements. For each layer, the density of the soil,

the compression index, and the initial void ratio is read
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in as data. For a sand, rock, or gravel stratum that is
incompressible, a compression index of zero can be read in
the data. This will result in a zero settlement contribu-~

tion for that stratum.

Applications of Computer Solution

The major application of the program is to analyze
the independent differential settlement of a structure on
normally consolidated clay soils. ZFor structures that do
not possess sufficient structural stiffness to signifi-
cantly affect differential settlement, the solution could
be applied directly. For the case of a structure that has
sufficient structural stiffness to significantly reduce
the differential settlement, the method presented in
Chapter III would be more accurate. However, as explained
in Chapter III, the solution considering structural stiff-
ness employs the independent settlement solution.

The computer program, as a step of the operation,
computes the changes in stress under each footing due to
all other footings. The cause and effect of overlapping
pressures is available as output information. This in-
formation could be used as a guide for the redesign of
footings that have critical settlements.

By overlapping the grid systems of an existing and an
adjacent new structure, the additional settlement of the
existing structure as caused by the new structure could be

evaluated. The settlement analysis could first be
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performed on the existing structure. Then, for the settle-
ment effect caused by the newer structure, the analysis
could be repeated for both structures. The additional set-
tlement of the existing structure that is caused by the

new structure load could be evaluated., The settlement of
the existing structure would have already taken place,
assuming that the structure had been in place for a long
enough time period. The actual measured settlement of the
structure compared to the computed settlement could be

used as an index to the accuracy of the settlement analy-
sis for the specific conditions of the problem.

For some cases, the soil is loaded by a distributed
and flexible load. lLoads of soil mounds, loads of flexi-~-
ble structures such as  storage tanks with nonrigid bottoms,
and water loads due to ponding are some common examples.
The settlement of this type of load could be approximated
by the computer solution. The equivalent load of a large
number of closely spaced footing pads could be used as in-
put to duplicate the effect of the distributed load. This
would be, in effect, a numerical integration approach for
an approximate solution.

If several stratifications of soil are encountered
for one building site, the program solution could be re-~
peated for the various soil conditions. The settlement
computed for a footing that used the correct soll strati-
fication beneath that footing would be correct and could

be used. The settlements computed for that same footing
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when the program is repeated using another stratification

would be incorrect and, therefore, would be ignored.
Evaluation of Computer Solution

The use of digital computers allows the practical use
of the independent settlement analysis method. The sig-
nificant advantage of the computer solution applied to a
settlement analysis is the speed and ease by which direct
solutions can be determined. The independent settlement
analysis programbfor the example problem with eight foot-
ings and nine strata used less than one minute of machine
time when ran on an IBM 7040 digital computer. Also, the
settlement of a large number of footings can be analyzed;
the limiting number of footings being determined by the
memory capacity of the machine being used. It should be
emphasized that the use of a computer does not necessarily
provide more precise answers. The same assumptions and
theory applications were made that would have been used if
settlements were computed by hand methods.

The computer program developed is limited to square
footing pads situated at the same elevation. The program
method could be modified for more general cases that would
not be so limited. However, the solution presented does
illustrate the principle and the feasibility of a computer

solution for the analysis of differential settlement.



CHAPTER III

DIFFERENTIAL SETTLEMENT ANALYSIS CONSIDERING
EFFECT OF STRUCTURAL STIFFNESS

Theory of Method

A conventional analysis for differential settlement
ignores the effect of the structural stiffness of a build-
ing frame. The effect of the structural frame is to re-
duce differential settlements. Therefore, a conventional
analysis i1s conservative in that actual differential set-
tlements are always less than the computed differential
settlements. For a more precise analysis, it would be
advantageous to formulate a method of settlement analysis
that considers the effect of the structural stiffness of a
building frame.

Conventional analysis assumes that the column load on
each footing remains constant throughout the settlement of
a building. The settlement analysis is performed inde-
pendent of the effect of the structural frame. This is
equivalent to assuming that the building frame is con-
pletely flexible. The effect of the structural frame
would be to redistribute the column loads when the frame

is subjected to unequal settlements. Intuitively, it can

o4
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be reasoned that upon settlement of a specific footing,
some of the load carried by that footing would be trans-
ferred to other footings by the structure. The mode of
this transfer can be either by a bridging or a cantilever
effect. The modes of stress transfer by the structure is
illustrated in Figure 7. The transfer of load by the
structure during settlement would cause the loads on the
footing pads to change as settlement takes place. These
changes in footing loads would result in different magni-
tudes of settlement than calculated by assuming the initial

footing load to remain constant throughout settlement.
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Figure 7. Modes of Stress Transfer by Structure
Subject to Unequal Settlement

Structural materials have an elastic and, therefore,
linear stress-strain relationship. In structural engineer-
ing, the assumption of linear behavior is the basis for
many systems of structural analysis. Slope defléctions

moment distribution, and stiffness methods are some of the
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more common methods. If similar elastic assumptions are
accepted for a soil mass, the same general type of analy-
sis can bé used to analyze the contact forces and the sub-
sequent settlement of a structural frame and a soil mass
in combination. In order to mathematically relate the
s50il mass to the structure, an analogous linear relation-
ship between an applied action and the resulting deforma-
tion must be established for the soil mass system., This
can be done by developing a linear elastic relationship
for the settlement of each footing due to an applied unit
column load. Also, a linear relationship between the set-
tlement of a footing and a load applied by an adjacent
footing must be established.

The method can be thought of in terms of a mechanical
analogy that represents the soil mass by means of springs.
Refer to Figure 8. For the mechanical model of an elastic
soil mass, the vertical deformation of point A due to a
load applied at A would be a function of the spring con-
stant of spring A, KA“ Likewise, the vertical deformation
at A‘due to a vertical load at B would be a function of
the spring constant KABQ The vertical deformation of A
due to a vertical load at C would be the vertical load
times the spring constant KACO To reflect the behavior of
a soil mass, the spring constant KAB would be greater than
KAC and the spring constant K, would be much greater than
Ky ge

for a soil mass 1s discussed in a later section.

The development of analogous linear relationships
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Figure 8. Mechanical Analogy of Elastic Soil
for Settlement at A

An elastic structural system and an approximated
elastic soil mass provide the basis for the settlement
analysis. The differential settlement analysis of a struc-
tural frame resting on a soil mass is feasible by thinking
of the two separate systems as a combined elastic system
for which deformations and actions are 1inéarly related.

To mathematically combine the soll and the structure sys-
tems, compatibility relationships for the two systems must
be established. At each individual contact point bétween
the soil and the structure, the compressive force exchanged
between the two systems‘must be equal at all +times during
and after settlement. ILikewise, the settlement for each
individual contact point must be the same for both the
structure and the soil systems, Either set of compatibil-

ity statements can be used to relate the soil and the
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structure systems.

By combining compatibility effects of the structure
and the elastic base material, an approximate analysis for
the settlement of any structure on an elastic base is pos=-
sible. For the case of a structural frame resting on an
assumed elastic soil mass, the settlement of each individ-
ual structural column must equal the settlement at that
corresponding point of the soil mass. Using this compati-
bility relationship, a set'qf simulténeous linear equations
can be formed to approximaté the settleﬁent of each foot-
ing. The final settlement of each footing would be a
function of the structural stiffness of the building frame

and a function of the elastic properties of the socil mass.
Derivation of Analysis Method

The method of énalysis for the settlement of a struc-
tural frame on a soll mass is presented by Parcher and
Means (1). The solution can be derived by considering the
soll mass system as elastic and compatible with the elastic
structure system. The basic concepts of stiffness and
flexibility methods, unit deformation and unit load meth-
ods, that are commonly used for'structural analysis can be
used to derive the method of settlement analySis (2).

For the purpose of the derivation, the following terms
need to be defined in the terminology used for stiffness
and flexibility solutions:

A, = Deformation or settlement. Subscript
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denotes settlement at A.
P, = Action or column load a¢ting on footing.
Subscript denotes action at A,

Stiffness coefficient B-A. The resulting

H

BA

deformation at B due to a unit action at A.
FBA = Flexibility coefficient B-A. The result-
ing deformation at B due to a unit action

at A,

{a} A matrix array of deformations. Brackets
indicate a column matrix. For convenience,
the column matrix is often listed in row
form with brackets to indicate a column
matrix. ‘
(8} = (ay) = {8y, 855 8¢]
A

i

A column matrix array of actions.

{P} = {PA’ PB9 PC}

{P}

{a

it

L} A column matrix array of deformations or
settlements due to original column loads.
(ag} = Loy Apps Agg)

[5]

A rectangular matrix arragy of stiffness

coefficients.

[F] = A rectanguiar matrix array of flexibility
coefficients.

The first step of the derivation is to consider only

the structural frame system. Refer to Figure 9. The
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action, column loads, at each column due to a unit defor-
mation of one column is a stiffness coefficient. A set of
stiffness coefficients can be evaluated by any of several
standard methods of structural analysis. The stiffness
coefficient SBA is the column load at B due to a unit de-
formation at A, If a unit deformation of one inch is con-
secutively applied to each column of the example frame, a
set of stiffness coefficients can be derived. The vertical
deformation of a column can be related»by stiffness coef-

ficients to each column load.
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Figure 9. ©Stiffness Coefficients for Structure

Systen

The complete interrelatiopship'between column loads
and settlements can be mathematically expressed in terms

of stiffness coefficients. This relates corresponding
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settlements to column loads as a function of the stiffness
coefficients {AA, Ags Mg} are the settlements that corre~
spond with the footing loads {PA, Pgs PC}, |

The stiffness relationship for the structural frame

can be expressed as.a set of simultaneous equations.

Py = 8pp By * Sy A + Byc ¢
Pp = Spy 8y + Spp 85 * Sp¢ 4
Po = Sga 8 + Sgp 8p *+ Sge B¢

The stiffness relationship can also be stated in terms

of a matrix equation.-

A) = |Ban Ban Sac| (Pa
Py Spa Spp Spg| <4p
Pe/ |Boa e Sog] Vo

A generalized short form of the same matrix relation-

ship is often more ¢onvenient.

{P} = [81 (al. . (1)

A similar stiffness relationship for the soil mass
System might be devéldped, but,the Soiution for thebac-
tions due to a unit deformation would be’a trial and error
process. However,'by'méans‘of“an indepeﬁdent settlement
analysis, a direct solutién’for the settlement of the soil
mass due to a unit ioad is posSible;: A unit load of one
kip can consecutively be placed on the_éoilgmass at a po-

sition correéponding to each structure footing. The
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settlements would be the flexibility coefficients for the
soil mass system. FBA is the settlement at B due to a
unit column load at A. A flexibility coefficient is the
reciprocal of a stiffness coefficient.

For the soil mass system, the relationship of settle-
ment to applied load can be expressed in matrix form by
means of flexibility coefficients. This can be expressed

in the general matrix form.
{a} = (F] (P}. | (2)

As a footing settles, the original column load is
changed by the effect of the structural frame. The final
settlement of the column is reached when the footing load
and the change of footing load resulting from the deforma-
tion of the structure are in a state of equilibrium,

{8,y Agy A} are considered the finai settlements, and

(P, Pgy Pyl are the final column loads. {Ap, Aypy Argl
can be termed the settlements due to the original column
loads that act on the footings before any settlements.

The equilibrium conditions can be added to the matrix
equation number (2). The settlements of the footings in
an equilibrium state can be expressed by this relationship.

(a) = [F] (P) + (a). (3)

The actions, footing loads, in both the structure and
the s0il mass systems must be the same. Using this com-
patibility statement, the actions as evaluated by equation
(1) can be substituted into the matrix equation (3). This
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is equivalent to stating that the settlement of the struc-

ture is equal to the settlement of the soil at each

footing.
(P} = [8] {a} (1)
{a} = [F] {P} + fa;} ()
(a} = [F1 18] (a1} + (o). @)

Equation (4) may be stated in its complete matrix
form and the equation may be rearranged aiéebraioally in
terms of the unknown‘settlements;- 'b ) -

Thefbllowingnmjfix is iﬁ the‘formfrequired for a
‘final solutidn‘of-settlement. The term DAB is equivalent
%o the settlement.af A that would be caused by the footing
loads that would result from a unit séttlemeﬁt at B. Each
term of the stiffness matrix can be developed by placing a
unit settlement in aycolumh df the structure, The deformed
structure wouid then be analjzed for the resulting column
loads. For those column loads,‘the footings would be
aﬁalyzed for settlement. The first column of the stiff-
ness matrix would'bé the settlements due to the structure
column loads that would result from the one-inch deforma—
tidn of footing‘A.

Tb solve for the unknown final settlement of each
footing when influenced by the structural frame, the set
© of simultaneous 1ihear‘equations cén be-solved for the un-
known settlements. Théré‘is one linear equation and one

unknown settlement for each footing. .Any of several
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methods for the solution of simultaneous linear equations

can be used.
Assumptions Required for Analysis

Many of the same assumptions and methods used for an
independent settlement analysis are employed in a_settle—
ment analysis that considers structural stiffness. The
Boussinesq methods as previously dichSsed‘can be used to
evaluate the change_invstress of a.soil layer. Likemise,_
with slight,modifléatibn, the same methods as previously
discussed can be used to compute the change in height of a
's01l layer “ 3 B

The derlvatlon for. settlement, as governed by the
. relationship between the stlffness of the soil mass and
the structural frame, assumes that the soil mass is elas-
tic. An elastlc settlement as a llnear functlon of the
footlng load is the basis for the llnear matrix relatlon—
ship; However, the settlement of a soll mass 1s only an
approx1mately llnear functlon of the applled footing load.
'The baS1c settlement equation relates the change in height
of a soil layer as a logarithmic function of the change in

pressure.

However, the solution requires that the matrix be

very nearly linear. If the solution matrix is not very
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nearly linear, the solution for final settlements is often
in error. As a general rule, the sensitivity of the solu-
tion matrix increases as more footings are considered and
the size of the solution matrix becomes larger. The linear
requirements and sensitivity of the matrix require that
the settlement of the Soil'mass'be approximated as alinear
function of applied footing loads. This can be done by
use of constants that approximate the settlement of a
footing as a function of applied load. This is analogous
to the spring constant example discussed previously.
Refer to Figure 8. A‘separate constant for settlement per
unit lead is required for each footing size. Also, a sep-
arate constant for settlement per unit load should be de-
veloped for each distant load. A unique set of constants
would be required for.each problem that would present dif-
ferent soil stratifications,

For each size of footing, it is necessary to develop
a constant for the settlement of the footing due to a load
applied to that footing. To approximate an average foot-
ing load, the design contact pressure can be applied to
each footing. By use of the iﬁdependent settlement analy-
sis that was discussed in Chapﬁerbll, the settlement of
each footing for the design contact pressure can be com-
puted. The settlement divided by the total load of the
footing could be considered as a constant to approximate
the settlement of that footing as a linear function of the

load. A separate constant should be developed for each
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footing‘size by the same procedure. The approximation
would be in error since the final contadt pressure would
not be the same as the design contact pressure. If the
difference in contact pressures 1is not significantly large,
the error introduced would be acceptable. The author has
found that the solution using a constant function for the
settlement per unit load does give reasonable aﬁswers for
settlement despite the introduction of some error. The
author has also found that if the solution matrix is formed
using variable contact pressures, the final settlements
computed can be wrong‘by as much as onevhundred percent.
The reason for the large magnitude Of error is that the
sensitive solﬁtion.matrixkbecomes nonlinear, and a non-
linear deViation in the’fofﬁétion of the matrix becomes
magnified in thé fihél éolutibh;.‘

It is also necessary to develop a constant fdr the
settlément of a footing due to a load on a distant footing.
This would be a constant for the effect of overlapping
soil pressure. The same general approach Qf the independ-
ent settlement analysis for the effect of distant loads
can be used. Aﬁ average size footing load can be applied
at the required distance. The settlement of the footing
divided by the average load can be used as a constant for
the settlement per unit load that correspoﬁds to the dis-
tance being considered. The procedure should be repeated
for all possible combinations of distance. Since the

settlement contributions of distant loads are relatively



small, the magnitude of the averége load assumed does not
significantly affect the settlements computed.

The terms of the solution matrix are influenced by
the base conditions assumed for the structural analysis.
The footings can either be assumed to be fully fixed,
theoretically pinned, or partially fixed. The settlement
computation of a soil layef considers only vertically ap-
plied load and does hot.COnsider“aﬁy effect of moment. To
be consistent‘with the_settlement computation, the force
exchanged between the soil mass and'the:structure should
only be a vertical force. Upén differenfial settlement of
the structure, the axial loads of.fhe columns woﬁld be re-
distributed.by the structure. If the.columns are consid-
ered to have fixed basés, part of the Stress would be
redistributedvas moﬁent. "The axial loads of the columns
are increased or decreased»if the deformed structure is
~analyzed as a fixed base. The energy that is transferred
into moment i1s not accounted for in the settlement analy-
sis. In effect, the energy that is transferred into moment
is lost in the process of the analysis. With a fixed base
assumption, the solution matrix becomes nonlinear. All.
footings transmit some moment as well as axial load to the
soil, even though the footings might be designed as a
theoretical pinned base. Yet, for the purposes of a
settlement analysis, the deformed structure should be
analyzed with a theoretical pinned base. In this form,

the complete reaction of the structure to,deformation can
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be evaluated in terms of settlement.

The structural.analysis can be made either with the
assumption that the.frame is restrained against'sidesway
or that the structure is free to sidesway. If the frame
were restrained against lateral movement, the reaction of
the structure to the unit settlement of a footing wOuld‘be
greater. Td assume the Strﬁctufe to be restrained against
Sidésway is equivalent to increasing‘the stiffness of the.
structure. The significance-of sidesway would vary with
thevstrﬁcture being Coﬁsidered. 'Wheﬁ thé_analysis of the
structure is done by computer,“thére is little difference
in effort as to whether sidesway is or is_not,aSSumed.

The choice of assumptions should best reflect;the antici-
pated structural behaviof. |

The method and type_Of‘sfructuraligﬁalyéis can be
varied to match the preferencé'of'the enginéer'and the
type of structure. bIt‘is only nééeSSéry to analyze the
structure to determine column ldads for the case of gravity
loading and for the cases of.a unit éettlement of each
column. For a structure that acts primarily as a plane
frame, the normal assumptions that are compatible with a
plane frame analysis would apply. If a structural systen
would transfer stress three dimensionally, a space frame

analysis would be more accurate.
Steps of Procedure for Analysis

The solution for the settlement of each footing
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involves develpping the solution matrlx and solving simul-
taneously for the unknown settlements. The number of rows
and columns of the solution matrix equal the number of
footings being considered. The computational effort re-
quired to solve for the settlements increases approximately.
in proportion to the square of the number of footings.

The first step is to calculate the footing loads for
the case of no settlement. This can be done by any pro-
cedure of conventional structural analysis for the loaded
frame. It should be emphasized that the loads considered
‘should be the dead load.plus that part of the live load
which would be acting on the frame for a long period of
time. For the struatural analysis, the author used the
method of Kani membent distribution (3). The computational
operations were performed by an IBM 7040 computer using a
computer solution developed by Seshagari (4). The method
was selected because of its quick convergence that'facili—
tates computer adaptation.

The second step is %o calculate the settlements that
would occur due to the footing loads when the structural
stiffnesa of the frame 1s neglected. The settlements of
each footing would be calculated for the footing loads
that were calculated in the first step. The procedure so
far corresponds with an independent settlement analysis as
presented in Chapter II. The settlements form the matrix
terms for settlement due to load, {AL}.

The next step is to develop the solution matrix. The
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first part of the solution is to form a stiffness matrix
for the structural system. To do this, a unit settlement
of one-inch 1s consecutively placed at each footing. The
structure is then analyzed to evaluate the force induced
in each column. For this part of the solution, the author
again used the Kani moment distribution method. The anal-
ysis for a one-inch settlement of each column can be per-
formed as one computer operation by programming the
solution so that the analysié operation is repeated for
each column. Ap?ropriate fixed end moments for a one-
inch settlement can be distributed to the members in ac-
cordance with member stiffness by the normal moment
distribution procedure. Thé process would be repeated for
a one-inch deformation in each column. A set of column
loads will be obtained fbr each case of unit deformation.
For each set of column loads, the settlement of the
footings can be calculated. The settlements of each set
would be the settlements due: to the unitbdeformation of
the corresponding column.’ The‘settlements of each set
would make up a column of the éettlement'matrix. The
process would be repeated for each set of column loads
that correspond to the unit-Settlement of each column. As
discussed previously, the settlements should be calculated
using the constants for the settlement per unit column
load. This insures that the settlement matrix is linear.
The form of the settlement matrix i1s shown in the previous

section.
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The last step of the_solution is to solve for the
settlement of ‘each column. The terms to be solved for are
the unknown final settlements,.{A}. This can be done by
any method for the solution of simultaneous linear equa-
tions. For a set of mofe than three equations, the only
practical approach is by computer methods; From the indi-
vidual settlement of each footing, the differéntial settle-
ments between footings can be determined. |

There is no precise check for the accuracy of the
cdmputationa but the general accuracy of the answer can be
determined. The sum of the final settlements, {A}, should
roughly equal the sum of the independent settlements, {ALL
This is true because the same total’building load is
transferred to the soil in both cases. The sums will not
be precisely the same because different nagnitudes of load
are transferred to the soil by different size footings.

An example of thebcheck is illustrated for the example

problem in Appendix C.
Evaluation of Method as Computer‘Solution

The settlement analjsis éonsidering structural stiff-
ness requires a large amount of computation that would
make 1t impractical for 1bnghand solution. The.time and
expense of the calculation can be greatly reduced by com-
puter operations. The author divided the computation into
several parts for computer programming.

The first program analyzed the structure'for footing
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loads due to gravity loads on the frame. The seéond pro- -
gram consecutively placed a settlement of one-inch at each
column and analyzed the frame for the resulting column
reactions. For both structural analysis programs, the
“author used the analysis method of Kani moment distribu-
tion. The computer time required using an IBM 7040 for
the example problem that required_the analysis of four
separate frames was fifty seconds. Several hours are re-
quired to prepare thé-data ahd analyze the results.

The third program‘ﬁged was siﬁilar to the independent
settlement program presented in Chapter II, except that
constants for the settlements per'unit footihg load were
used. The progfam coﬁputed‘the settlement of the footings
due to loads that were calculated by the first two pro-
grams. The computer time reQQifed using an IBM 7040 to
analyze the settlemeﬁt of six footings three times was
thirty—tWo seconds. Approxiﬁately three thousand units of
memdfy core were required. Neither the time nor core
memory requirements pose a significant problem for a
computer solution.

The fourthbstep of a‘computer~solution is To solve
for the final settlements. This requires the solution of
the simultaneous equations that make up the solution
matrix equation. The only feasible approach for the solu-
tion 1s by use of computer methods. There are several
standard computer solutions available to solve for the

unknowns of a set of simultaneous linear equations. The
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solution_matrix always must have nonzero terms for the
diagonal. For each row, the diagonal term is also the
largest in magnitude.v Therefore, the solution does not
present any unique probléms for a matrix solution. The
number of footings that could be considered would probably
not be limited by the memory units required for a settle-
ment analysis but by the nﬁmber of simultaneous equations
that can be solvedf"Thé'number would depend on the memory
capacity of the computérvbeing used for the simultaneous
solution. The size aﬁd‘dharacter of the solution matrix
for a normal sized bﬁilding'would not be beyond'the memory
capacity of an average sized computer.

As an engineering material soil is ihconsistent and
not subject to precise.analySis,, An-independent settle-
ment analysis can haﬁe'an expected range of accuracy of
ten to fifty percent. Thevanalysis for settlément that
considers structural stiffness-Should’be more accurate,
because the additional parameter of structural stiffness
is considered. The'analysis should still be conservative,
because only the structural'materials are considered to
resist differential settlement. As is common with struc-
tural analysis, nonstructural masonry, panels, sheathing,
etec, are not considered. However, these materials that
are present in almost all buildings do act in a structural
manner to resist deformation. The actual degree of accu-
racy would be difficult to estimate without comparison of

computed solutions to the behavior of real structural
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frames.

The solution matrix was found to be increasingly
sensitive with size. For a solution involving as few as
six footings, a Siight_error in the formation of the solu~-
tion matrix cén be greatly magnified.in the final answer.
A set of tWo»simultaﬁeous linear equations with only two
unknowns can be repreeented graphically by a two dimen-
sional plot of two straight lines. The selution for the
unknown values common to both equatiens would be the co-
ordinates for the point of intersection of the two lines.
If the plots of the two lines are nearly parallel, the
position of the point of intersection is greatly influ-
enced by a slight difference in the siopes of the two
lines., In order to be able to graphically illustrate the
solutien of a'sampie problem'in terms of a two dimensional
plot, a sample problem of five fOOtings with_symmetry in
two difections was detised. For the»caSe‘of the special
problem, there are only two unknown settlements_duevto the
symmetry. The linear plot Of'thebtwo solution equations
is illustrated by Figure 11. ‘The two equations for the
sample problem illustrate the general characteristic of a
set of simultaneous linear equations for which the Solué
tion is sensitive. An error or inaceuracy in the forma-
tion ofethe solution eqﬁetionsg wouldvbe magnified in the
final answer. o

The settiement of a soil layer involves the summation

of small increments of stress change. The settlement of a
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specific footingvinvolves the summation of small incre-
ments of settlement for each layer. For computer opera-
tions, the addition and subtraction of small values can in
some cases cause the buildup>of error due to the automatic
truncation operations of computer calculaﬁions, This is
especially possible when two numberé of almost equal value
are subtracted. The difference of the two numbers may be
beyond the number of accurate digits carried in the calcu-
lation. The senSitiVity of the solution coupled with the
possibility of truncation error should be considered by
the programmer. The possibility of truncation error can
be minimized by avoiding as much as possible the addition
and subtraction of many small terms. This is effectively
done by using a constant term for the settlement per unit
load.

From a theoretical standpoint, it would be possible
to predict the stress of structural materials by the same
analysis for the settlement of structural footings.
However, there is a major difference in the accuracy of
soil and struétural analysis. This is reflected by the
different safety factors required. The safety factor for
steel design is approximately 1.6. For soil settlement a
safety factor of 3.0 to 10.0 is often required. For this
reason, the settlement analysis should not be used
directly to predict structure stress. The settlement
analysis could be used to predict structure stress by

using appropriate safety factors that correspond to the
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soil analysis. Another approach would be to perform the
settlement analysis using worst case assumptions for the
soil. This should give the maximum possible value for
differential settlement. On the basis of the worst pos-
sible settlement, a conservative analysis of structure
stress due to differential settlement could be performed.
An analysis for structure stress due to settlement should
not be necessary if the differential settlements are with-
in the range of allowable differential settlements. See
Table‘I.

It can be conoiuded that an analysis for settlement
considering structural stiffness does provide a reasonable
method for the engineer to predict differential settlement.
The analysis does require the use of a high speed elec-
tronic computer. .The éomputef time required is not exces-
sive, and the use of a digital computer:frees the engineer
from much tedious calculations. The cost of a computer
analysis for the settlement of each separate footing when
considering the effect of structural stiffness should cost
less than a more approximate analysis that could be per-
formed without the use of a digital computer. However,
the program solution for settlement can still be flexible

enough to allow for variable engineering Jjudgments.



FOOTNOTES

lParcher and Means, p. 2063.

2James M. Gere and William Weaver, Jr., Analysis of
Framed Structures (New York, 1965), pp. 41-13%,

5GasPar Kani, Analysis of Multistory Frames (New York,

1957), pp. 7-52.

4Seshagiri Natesan, "Design of Tall Buildings by Use
of A Simulator" (unpub. thesis, Oklahoma State University,
1966), p. 73.
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CHAPTER IV

- EFFECT OF STRUCTURAL STIFEFNESS
ON DIFFERENTIAL SETTLEMENTS

Introduction

One of the possible soiutions to limit excessive dif-
ferential settlements is té incfeése the stiffness of the
structural frame. This would be donebby'the selection of
~ heavier structural sections. It is known that heavier
structure sections would reduce differential settlements,
but the relationship between‘structural‘étiffness and dif-
ferenﬁial settlements iS not kann. The design engineer
needs to know whether’thé increase of structural stiffness
is an ecohomiCally feasible method to 1imif differential
settlement. The engineer also needs to know how much the
stiffness of the frame must bé increased in order to sat-
isfactorily limit differential settlements. The objective
of this chapter is to propose a procedure by which an
engineer may study the effect of increased stiffness on
the settlement of a particular building frame. It is also
the objective of this chapter to draw some general conclu-
sions concerning the relationship of stiffness to differ-

ential settlement.
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Procedure for a Comparative Study

For the sample problem of Appendix C, the structural
stiffness was varied by increments of twenty percent.
This is equivalent to varying the column loads that are
used to form the solution matrix by increments of twenty
percent. For eacn set of variable stiffness, the settle-
ments were computed by the settlement program presented in
Chapter III. The differential settlements between footings
one and three were plottedias a function of the percentage
of the structure stiffness. The differential settlement
between footings one an&‘three was selected because it was
the maximum differential settlement of the example problem.
Refer to Figure 12. |

The plot helps to illustrate the effect of decreased
structural stiffness on differential settlement. A simi-
lar plot could be'made_for any structure, and on the basis.
of such a plotbthe engineer could determine if increasing
or decreasing structural‘stiffness would be avfeasible
solution to differential settlement. For the example
problem, it can be concluded that increaSing the stiffness
of the frame does not Significantly limit differential
settlement. Therefore, if it were desired to further
limit differential settlement of the example frame, other
alternatives would probably be more practical.

The conclusions reached for the example frame would
not necessarily apply to all frames. The designed stiff-

ness of a frame and the soil conditions of each site would
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make each problem unique. By application of the method,
the general effects on settlement of increasinglor de-
creasing structural stiffness can be determined. For any
specific frame, the engineer could evaluate the benefits
of increasing frame stiffness by plotting several adjacent
points on the differential settlement--relative stiffness
curve.

The method of varying.the Stiffness by a percentage
is a helpful tool to study a particular problem in general
terms. However, the percentage increases of stiffness
does not consider the possibility of selectively stiffen-
ing the frame. The frame could be;stiffened only at
specifiC'lbcatiohs by'heavier members, X bracing,:shear
walls, etc. The énginéer cbuld intuitively stiffen the
frame at certain locations}éhd ana1yZefthevsettlement for
that particular solution. The reduction of differential
settlement could be compared diredtly to the'increased
weight and cost of thé structure.. Bégause:thevséttlement
~analysis does not regquire extensive effort, a guided trial

and error approach would be completely feasible.
General Conclusions

The differential settlement--relative stiffness plot
does indicate the differences between considering the
stiffness of the structure frame and an analysis that is
independent of the structure frame stiffness. The zero

percent stiffness would correspond to the independent
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settlement. The consideration of some structural stiff-
ness by the analysis does present considerable difference
in differential settleménﬁ. This indicates that the built
in safety factor of an independent settlement is very
conservative.

For the example problem, it would not be of advantage
to increase structural stiffness. The example frame is
relatively stiff. But, if the frame were even fifty per-
cent as stiff, the differential settlement would not be
greatly reduced by increased stiffness. For the range of
stiffness required by the structure to carry the gravity
loads, there would appear to be a minimal advantage to
increasing the structural stiffness. DMore studies of ex-
amplé problems would be required in order to make more
poéitive conclusions that would apply in general terms to
all structural frames. However, 1f the example frame can
be considered as typical, it can be concluded that when a
structure is designed to carry gravity 1oads‘a further in-
crease in frame stiffness would not greatly limit differ-
ential settlement. Similar studies of many structural
frames with the objective of studying the general effects
of increased stiffness on differential settlement would be

a good area for future gstudy.
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APPENDIX A

SPECIFIC FLOW DIAGRAIM OF INDEPENDENT

SETTLEMENT"COMPUTATION

START |

READ: NUMBER OF COORDINATES OF SURFACE GRID
' IN X AND Y DIRECTIONS (MX,MY)
' : —

—_ DO IJ='1;MX' >

READ: .DISTANCE'OF Y COORDINATE
- -FROM_ ORIGIN
|

— DO JT=1,MY > =
. | 7
READ: DISTANCE OF X COORDINATE
FROM ORTGIN .

———r( DO Js 1L,MX >

1 .

—’( DO J4=l,1vsz >
1

READ:  COLUMN LOADS,
PAD WIDTH OF FOOTING
—
[T aizs SETTLEIENT=0.0 ]

RELAD: NUMBIR OF STR: 'I‘UM THAT HAS FOOTING BASE
ON LOWER BOUNDRY W (NFOOT),
NUhBTR OF STRAT4 TO BE COlIoIDERED (NFINL)

: I
~<C D0 T=1 NFINI)
3 1

KEAD: DEPTH TO BASE OF STRATUM,

DENSITY OF S50IL IN DTRATUM
CONFRESSION INDEX OF SOIL 1IN STRATUM,
INITIAL VCID RATIO OF SOIL IN STRATUN

. | _ . ,
ICOMPUTE: OVERBURDEN PRESSURE FOR STRATUM |

o7




!

DO J= NFOOT +1,NFINL Y

DO J1=1,MX >

i
D0 Je=1,07 >
|

DILP{J1,72) 0.0 |
R

|
Ml=1HX >

DO
il

DO V=107 >

DO Ll=1,MX >

xillt&il

}
DO L2=1,MY >

o
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No )

COMPUTE CHANGE IN - .
PRESSURE BY INTEGRATION
OF BOUSSINESQ EJUATION
'OR JHIFORL SOUARE LOAD

bt

¥ ' .

COMPUTE DISTANCE FROM

(M1,M2) TO (L1,L2)
1

COMPUTE CHANWNGE IN

|PRESSURE BY BOUSSINESQ

BQUATION FOR POINT
LOAD I

|

TN FRESIURE L

[SOI CH.ANGE
i |

; N — o
COMPUTE CHAWGE IN HEIGHT

QoF STR?TUM

SETTLEMEHT(Ml,M2)==SUM HANGES IN

HEIGIT OF STRATA
i |

o

l —
DO J1=1,KX >

i

DO J2=1,lIY »

WRITE:

LX,LY,
SETTLEMENT(T1,T8)

|



APPENDIX B

EXAMPLE PROBLEM OF INDEPENDENT

SETTLEMENT ANALYSIS

Problem Statement: Refer1x>FiguresilBamdﬁU+foreadescrip-
tion of the building footing plan and the soil stratifi-
cation. The answer sought is the final differential
settlement that would occur between adjacent footings.

Problem Assumptions:

(1) Normal settlement theory is used. Refer to
Chapter I.

(2) The settlement of each footing is consid-
: ered to be independent of the settlements
of adjacent footings. '

Organization and Solution: The computation fbr the prob-
lem was performed by an IBM 7040 computer. The flow_
diagram of computer operations i1s given in Appendix A.
The input data and results for the settlement of each
footing is given in Table III.

Results: Final differential settlements canbe evaluated by
comparing the independent settlements of adjacent
footings.

footing 1 to 2 ccocono O¢18 inches
footing 1 to 3 ¢eeo.. 1.15 inches

footing 2 to 4 ...... 0.97 inches

29



DEPTH

SOIL DIVISIONS DEPTH DENSITY CONSOLIDATION INITIAL
SCALE SOIL TYPE AND ) INDEX VOID RATIO
STRATUM NUMBERS E(_) DEN(_) (c () E()
TOP SOIL 1 L ort, 115.0 \\\\ \\\z\C\C\<\<ﬂ\§\>x>§§§§§l
- 5 ft, | J 7 7
SOFT CLAY o 12 115.0 NO
<10 Base of Footing
15 Water Table T 15 115.0 0.41 1.065
o0 __ Division Line _ | 20 __ | 52,6 | 0.4 .} 1,033 __
6 1 52.6 0.41 1.008
— 25 % 7
20 — o i
35 63,6 0,22 1.511
D1v151on L1ne
_35 b e f e e e e e e e e e e e e e
— 40 = NFINL Ls 63.6 0.22 1.491
45

ISKXE& Data values not used in calculation. May read any value except zero.

KZQZXﬁ Zero valie of CC(_).

Physical Description of Input Data for Sample Problem

Figure 13.

Assumes no compression of sand layer.

0%
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Figure 14. Plan View of Footings for Sample Problemi

TABLE TII

ORGANIZATION OF SAMPLE PROBLEM SOLUTION

Footing Total Load Square Final Independent
Number Dimensions Settlement

1 63,400.0 1b, 5.5 ft. 5.32 in.

2 82,900.0 6.5 5.50

3 125,900.0 8.0 6347

4 125,900.0 8.0 | 6.4

5 82,900.0 6.5. 5.50

6 63,400.0 5.5 5.32




APPENDIX C

SAMPLE SETTLEMENT PROBLEM CONSIDERING
STRUCTURAL STIFEFNESS

Problem Statement: Thesamegroupofibotingsandloads as
used for the settlement analysis of Appendix B are
used for the settlement analysis of Appendix C. The
additional effect on settlement of the structural
frame is considered. The geometry and moments of
inertia for the frame are shown»in Figure 15. As

" before, the-objéctive of the solution is to evaluate
structural stiffness.

Method of Solution; The solution is orgénized according
to the procedures listed in Chapter III. The steps
of the solution are illustrated by Tables IV and V.
For the final answers the solution matrix can be
formulated directly from Tabie V. Asva check onbthe
accuracy of the calculatibns, the sum of the inde-
pendent settlements were compared to the sum of the
settlements for the case of comnsidering structural

stiffness.
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TABLE IV

ORGANIZATION OF COMPUTATION FOR DIFFERENTIAL SETTLEMENTS
: CONSIDERING STRUCTURAL STIFFNESS

' Column. Loads Column Reactions Due to a One-Inch Deformation at Column:
Footing For Case of
Number No Settlement '
(1bs.) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
1 63,400. ~100,915. 11,444, 137,903. 0 -48,4%1. 0
2 - 82,900. 11,444, -57,74%, 0 o4 ,731. ¢ 48,421,
3 125,900. 137,902, 0 =234,634, 0 - 94,730. 0
4 125,900. 0 94,730, 0 -232,6%4, 0 127,902,
5 82,900. ~48,431, o 9% ,731, 0 57,743, 11,444,
6 63%,400. 0 48,431, o) 137,903, 11,444, ~100,915.




TABLE V

FORMATION OF EXAMPLE PROBLEM SOLUTION MATRIX

Settlement Settlements Produced by Reaction Loads From Table IV at:.
Footing Due to :
Number Column Loads _
(in.) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

1 -5.318 -7.757 .891  10.537 0129 -3.680 -.0033

2 -5.503% -719  -3.0644 .00994 5.941 .00032 -3.027

3 -6,.470 6.586 .O435 -11.151 -.070 4,542 -0479

4 -6.470 L0479 4,542 .0698 »11,151 - L0435 6.586

5 ~5.50% -3.027  .000%2  5.941 L0094 ~3.644 .719

6 -5.3%18 - .0033 ~-3.680 .0129 9.312 -~ .891 —8;757
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Solution: The settlements of each footing are as follows:

Footing Independent Solution
Number Settlement Considering
Solution Stiffness
1 5352=inches 5.84 inches
2 5.50 5.82
3 6.47 5.88
4 6;47 5.88
5 5.50 5.82
6 5.32 5.83
%5.58 o 25.08 Sums.

The final differential settlements when considering the
effect of the structural frame are:

Footing 1 £0 2 vev... 0.02 inches

Footing 1 to 3 ceeuen 0.04 inches

Footing 2 to 4 ..., » 0.06 inches.
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