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An Introduction to the
State-of-the-Art Mot Foundation
Design and Construction
by E. J. Ulrich, Jr.

Synopsis: Subgrade response is the most important parameter in
analyzing and designing mat foundations. Rational design of a mat
foundation requires the consideration of immediate and long term
subgrade response. The soil response determines mat behavior and
differential movement exacerbates moments.
Often the long term
movement provide the most severe mat behavior characteristics.
The popular use of a single modulus of subgrade reaction, k, to
model subgrade response is wrong and will lead to wrong designs. Mat
analysis and design should be performed using the Discrete Area Method
(9. 10) wherein the subgrade responses can be properly modeled resulting
the use of varying moduli of subgrade reaction.
The geotechnical engineer and structural engineer must form a solid
bond to cope with mat foundation design from early planning through
construction. Often construction details and procedures will govern
performance and can ruin any analysis. Hence, the geotechnical engineer
should be on site accessing conditions. Neither group should work
independently and expect successful performance.

Keywords: Mat foundations; soil mechanics; subgrades
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Edward J. Ulrich: Over his 25 year career and as a principal with Ulrich
Engineers, Inc. Mr. Ulrich has consulted on the foundation engineering for
the world's tallest soil supported buildings. He has a BCE from Georgia
Tech and an MSCE from the University of Illinois. He is secretary and
past chairman of ACI 336.

In behalf of Committee 336, I welcome you to reflect on our present
experience in the design and construction of mat foundations. To those
of you who have anguished over the preparation of a technical
presentation, I applaud you. To those of you who have inquired, attended
the sessions, and have come to ponder these shared experiences, I salute
you. There is so much yet to be accomplished.
What indeed is our objective in the first state-of-the-art review on the
design and construction of mat foundations? The answer can best be
discovered by searching the origins of foundation engineering founded by
Professor Karl Terzaghi who, as a structural engineer, developed this new
branch of structural analysis before World War II. This new engineering
discipline was founded upon the fundamental principle, foundation
engineering is ... "one ounce of geology for every pound of theory of
structures and soil mechanics. The one ounce of geology is as essential
as the yeast in the processes of fermentation, but it represents only a
minute fraction of the vast domain covered by the sciences of the earth"
(7).
The profession was borne as earthwork and foundation engineering
but has been diluted to geotechnical consulting and structural engineering
with each !;jroup following different paths.
Our session objective may be illustrated by a simple story about a
mature married couple who has reached a warm healthy bond during the
many years of crossing the ocean of life together. The bond extends
beyond carnal love to dependence, need, mutual respect, and a
commitment to cope with the challenges of life as a team. Then, one
evening a spouse drives to the store and is involved in an accident on the
way home. The victim recovers but with severe amnesia. The husband
and wife continue to live together but not as a whole. The bond is broken
because only one remembers, and the relationship slowly deteriorates until
they realize they no longer cope with life; each lives for self.
Yes, our objective here today is to re-establish that lost relationship,
that bond between the structural and geotechnical engineer so that
together they will cope with the design and construction of mat
foundations, or the foundation engineer will be forced to design mat
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foundations. The present course ruled by economics, politics, and
ignorance continues to be a courtship to danger.
HISTORICAL PERSPECTIVE
To better understand the needs related to the design and
construction of mat foundations, let us first review the guidance of our
early predecessors as they developed this profession of foundation
engineering. These comments form the real foundation upon which
designers are to practice if we are to cope with the design and
construction of mat foundations.
Every civil engineer should be prepared to deal with soil engineering
and foundation problems and should therefore have a general knowledge
of the fundamentals involved. However, the first thing to be learned about
soils is that they differ in several important aspects from other materials
which civil engineers have to handle. An essentially different approach to
their study is therefore indicated. The strength and the deformation
characteristics and other engineering properties are not constant for a
given soil but may be altered appreciably with time and by the manner in
which construction operations are carried out. Stress analyses in soil
masses are much more complex than in other civil engineering structures.
Rigorous solutions are therefore often based on oversimplified
assumptions and hence have only a limited value.
By contrast,
experimental procedures, which include measurements on full-scale
structures, often yield information of decisive importance. Previously
accepted theories frequently have to be modified or even rejected on the
basis of new experimental data. Such data are far from easy to obtain
and at present are rather limited, so that some latitude is still left for the
exercise of judgment as to the proper use of existing theories. Hence the
strong element of art in all soil and foundation engineering work should
not be overlooked. The acknowledgement of its existence is necessary
for the understanding of the present status of this field of knowledge and
endeavor, as well as of the methods of approach which are essential for
its further advancement. This requires the cooperation of the entire civil
engineering profession ...
(1951) Gregory P. Tschebotarioff
Soil mechanics originated several decades ago under the pressure
of necessity. As the practical problems involving soils broadened in
scope, the inadequacy of the scientific tools available for coping with them
became increasingly apparent. Efforts to remedy the situation started
almost simultaneously in the United States and in Europe, and within a
short period they produced an impressive array of useful information.
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The initial successes in this field of applied science were so
encouraging that a new branch of structural analysis appeared to be in the
making. As a consequence, the extent and profundity of the theoretical
investigations increased rapidly, and experimental methods were
developed to a high degree of refinement. Without the results of these
painstaking investigations a rational approach to the problems of
earthwork engineering could not have been attempted.
Unfortunately, the research activities in soil mechanics had one
undesirable psychological effect. They diverted the attention of many
investigators and teachers from the manifold limitations imposed by nature
on the application of mathematics to problems in earthwork engineering.
As a consequence, more and more emphasis has been placed on
refinements in sampling and testing and on those very few problems that
can be solved with accuracy. Yet, accurate solutions can be obtained
only if the soil strata are practically homogenous and continuous in
horizontal directions. Furthermore, since the investigations leading to
accurate solutions involve highly specialized methods of sampling and
testing, they are justified only in exceptional cases.
On the overwhelming majority of jobs no more than an approximate
forecast is needed, and if such a forecast cannot be made by simple
means it cannot be made at all. If it is not possible to make an
approximate forecast, the behavior of the soil must be observed during
construction, and the design may subsequently have to be modified in
accordance with the findings. These facts cannot be ignored without
defying the purpose of soil mechanics ....
The art of getting satisfactory results in earthwork and foundation
engineering at a reasonable cost, in spite of the complexity of the structure
of natural soil strata and in spite of the inevitable gaps in our knowledge
of the soil conditions, is the most important goal. To achieve this goal the
engineer must take advantage of all the methods and resources at his
disposal--experience, theory, and soil testing included. Yet all these
resources are of no avail unless they are used with careful discrimination,
because almost every practical problem in this field contains at least some
features without precedent.
The details of the methods for coping with the practical problems
... may change as experience increases, and some of them may become
obsolete in a few years because they are no more than temporary
expedients. Yet the merits of the semiempirical approach advocated are
believed to be independent of time ...
(1967) Karl Terzaghi and Ralph B. Peck
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In a broad sense, foundation engineering is the art of selecting
designing, and constructing the elements that transfer the weight of a
structure to the underlying soil or rock. In practice, however, the actual
construction is usually not carried out by the organization responsible for
the design; the role of the engineer is generally considered to consist only
of the selection of the type of foundation, the design of the substructure,
and the supervision of construction.
The art of foundation engineering had its origins in antiquity. It
developed with the accumulation of experience but without the aid of
science until, in about 1920, it had reached a considerable degree of
Yet, occasional inexplicable failures indicated that the
refinement.
limitations of the empirical procedures were not properly understood.
In the early 1920's there began a concerted scientific effort to
determine the physical laws responsible for the behavior of the subsurface
materials from which foundations derive their support. The new field of
endeavor, known as soil mechanics, attracted and still holds the attention
of many workers. It has provided new techniques for selecting the
appropriate types of foundation under a given set of conditions and for
predicting the performance of the completed substructure. It has by no
means decreased the importance of the accumulated experience of the
ages, but it has defined the limits within which the traditional techniques
are applicable and has provided new techniques suitable under the
circumstances in which the traditional procedures are not valid.
In recent years the power of science has become increasingly
apparent, and there has been a tendency to discount the importance of
the vast store of knowledge acquired during past generations by trial and
error. This attitude has been reflected in many engineering schools by the
replacement of courses in foundation engineering by others in soil
mechanics, and by the prevalent opinion that detailed training in soil
mechanics must precede and may even eliminate the need for training in
foundation engineering.
In reality, soil mechanics is only one of the bodies of knowledge
upon which the foundation engineer may draw. If studied to the exclusion
of the other aspects of the art, it leads to the erroneous and dangerous
impression that all problems in foundation engineering are susceptible of
direct scientific solution. Unfortunately, the vagaries of nature and the
demands of economy combine to eliminate this possibility.
(1974) Ralph B. Peck *Walter E. Hanson *Thomas H. Thornburn
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... A second change and challenge is the continuing growth of th
fundamental sciences and their applications to the solution of problem~
We have more elegant theories, more sophisticated techniques for tiel
and laboratory measurement, and more powerful computational tools·
from the electronic calculator that has replaced the traditional slide rule t•
the advanced computers that even present their results in the form c
graphs and drawings. Paradoxically, these advances have not alway
been helpful. We have some solutions to problems that are insignifican1
but none to some of the more pressing problems. For example, we ca1
analyze the ground motion generated by an earthquake, but we cannc
predict when and where the earthquake will occur. We can measure tht
movement in a landslide and evaluate its mechanism, but we are not sun
why one mountainside moves and a similar adjacent one remains stable
Science and engineering have become so intoxicated by the elegant tool!
and techniques for analysis that they forget that the ultimate aim o
engineering is to solve problems--the problems of society that are relatec
to both the natural and man-made environment.
Unfortunately, they are also blamed for the effects of misusec
technology brought on by the nearsighted demands of the public anc
politicians for instant solutions to the problems. For example, the billion·
dollar Teton Dam failure has been rightly blamed on errors in engineerin~;
judgment. However, public demand and political expediency determinec
that the dam should be built, and economic pressures from establishea
bureaucracy made it impossible to build the dam in a safe manner. The
engineer must be aware of the limitations of technological solutions to
problems; both those limitations of the state of scientific knowledge and
engineering experience and the limitations imposed by political
expediency, economic inadequacy, and public misinformation. The
engineer is obligated to resist misapplied political and bureaucratic
pressure and to inform the public of the risks of the project as well as its
benefits.
The students remain a fourth challenge. They have been exposed
to a more sophisticated education and have at their command more
powerful tools for solving problems. However, these tools can be the
student's enemy because they focus the student's attention on the
techniques for problem solving instead of on the problem. The result is
that a problem is solved with great precision, but sometimes the wrong
problem!
The author hopes that the users of the text will be intrigued by
solving real problems, using not only the tools of analysis, but also their
intuition and growing experience where no analyses are available.

Mat Foundations

7

Creating new solutions for old problems and for those of the future using
knowledge and ingenuity is the real challenge of engineering and its
greatest ingenuity, and add enjoyment to the practice of engineering ...
(1979) George F. Sowers
MESSAGE
The common message by our predecessors is that successful
foundation design solves real problems and is achieved by experience
developed, by knowledge of precedents, familiarity with soil mechanics,
and a working knowledge of geology. The structural and geotechnical
engineer bonded together throughout design or the earthwork and
foundation engineer will cope with foundation problems. The design,
however, is not complete until the structure is built and the need for design
adjustments is assessed during construction to finalize the compatibility
between foundation and earth.
Does the geotechnical report based often on a scope of work
developed by others satisfy the requirements for design? No. While the
earth may be continuous, the mass is neither homogeneous, isotropic, nor
elastic and construction procedures often govern the earth properties
along with the character of response to load. With these realities, the
geotechnical report can only be considered the first step of the design
process and the initial phase of involvement by the geotechnical engineer.
If the geotechnical consultant is required to guide the design and
construction of foundations, who should provide the experience and
judgement needed to complete the design and produce contract
documents after the soils report if finished?
The industry has become intoxicated with the computer and
engineers tend to believe that a few simple parameters will satisfy the
design needs, instead of allowing the design to proceed with the bonded
relationship of the structural and geotechnical engineer. How often is the
question asked? "Can you give me a spring constant so I can design my
mat?" The answer to coping with the design and construction of mat
foundations lies in the past... and we must recall the experience of our
predecessors and their visions to be successful as we forge into the 21 nd
Century. The structural and geotechnical engineers with a strong bond
can cope with mat foundations or the earthwork and foundation engineer
must accept the challenge.
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MAT FOUNDATION OVERVIEW
In the [Jl6St simplest terms, the mat foundation is a beam, not
supported at points by columns, but supported at all points by the earth.
Since the earth is far weaker than the mat foundation and the earth
response is the most important parameter in the design of mats,
compatibility of the mat deflections and earth response is vital to coping
with mat foundation design. The design foundation-earth compatibility
must also be examined during construction because site conditions may
be different form those concluded for design or the construction
procedures may change the properties of subsurface conditions. And
unlike other elements of a structure, foundation contract documents must
address installation procedures because of the relationship of construction
to performance.
The mat foundation has two broad objectives to a project:
o

transfer applied structural loads

o

provide predicted movements consistent with architectural,
structural and mechanical requirements anticipated in design

Most Finite Element Methods of analyzing foundations require the use of
a spring constant( coefficient of subgrade reaction) to model the subgrade
response (9, 10). The character of the term "spring constant," implies
linear elastic response, isotropy, homogeneity and many text books have
fallen into the associated pit by furnishing values which are compatible
only to very stiff elastic earth responses.
The roots of mat subgrade response extend to Terzaghi (6), who
first applied the theory of subgrade reaction to foundation engineering in
the analysis and design of mat foundations. Terzaghi (6, 7) emphasized
the simplifying assumptions and limitations of the theory of subgrade
reaction because of the keen awareness of the variability of the earth as
a subgrade reaction to a loaded system. Soon after Terzaghi presented
the application of subgrade reaction to mat foundation design, Teng (8)
extended the presentation to remind engineers that the subgrade
response is not elastic and actually consists of three components:
Description

Stiffness

distortion (immediate) settlement

: elastic - plastic

primary (consolidation) settlement

: elastic - plastic

secondary compression

:plastic
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The subgrade reaction in mat foundation design should consider
the real earth response. Case histories (2, 9, and 10} of the performance
large mat foundations have confirmed the theory of subgrade reaction
assumptions are indeed simplifications. The analyses of modern case
studies demonstrated that oversimplification of the mat subgrade reaction
by an individual value for the coefficient of subgrade reaction can misguide
the engineer and lead to wrong designs (10). The new ACI report on
Suggested Design and Construction Procedures for Combined Footings
and Mats (ACI 336.2) provides the only modern report on mat foundations
aside from our session.
The subgrade response model should be selected by the
geotechnical engineer on a site-specific basis for mat foundation design
and will depend upon load transfer, earth conditions and construction
procedures. The subgrade response may be elastic, elastic-plastic, up,
or down. Ulrich presented the Discrete Area Method (DAM) to allow the
foundation engineer or structural-geotechnical team to properly consider
the mat subgrade response using subgrade reaction theory with the
principles of soil mechanics (10}. With the DAM, the geotechnical
engineer selects a subgrade model using the principles of soil mechanics
and values of coefficients of subgrade reaction are calculated based on
applied contact pressures an subgrade response to the system of contact
pressures. The subgrade response can be modelled as a combination of
elastic, elastic-plastic, plastic materials, finite elements, consider layering,
and evaluate other environmental influences such as adjacent lightly
loaded excavations. Finite elements are available to model subgrade
response in place of classical soil mechanics models, but the relationship
between the finite element model and site specific conditions is highly
elusive.
COPING WITH MAT FOUNDATION DESIGN
How then does the engineer cope with the design of mat
foundations? Does the structural engineer ask for a "spring constant" to
insert into a finite element mat analysis program? We must cope with mat
foundation design by team work between the structural engineer and
geotechnical engineer working together with a common bond to be the
foundation engineer in mat design.
Mat analysis is subject to significant limitations in spite of the
advances in computer technology. Though not often admitted, the degree
of confidence in predicting load transmitted to the mat decreases
dramatically as the structure becomes larger and more complex. Some
engineers acknowledge that loads cannot be computed reliably for service
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load conditions. The subgrade response models and parameters are not
precise and are an idealization of a material that has inherent variability.
These variables challenge the most sophisticated models.
The methods available to model the subgrade response require the
results of well instrumented performance studies of major structures, near
flawless knowledge of subsurface conditions and accurate structural load
values to precisely predict the subgrade response. Although the natural
point-to-point variability of the subsurface condition is real and magnifies
the uncertainty of the subgrade response model, the design-construction
details are probably the most important limitation to accurate mat analysis
and prediction. Slight departures during construction from responsible
contract document details can ruin the results of the most sophisticated
analyses.
While a uniform value of subgrade reaction may allow a mat design
to be completed, use of uniform coefficient of subgrade reaction to
analyze and design mat foundations is an oversimplification of the soil
response and can lead to wrong designs. The coefficient of subgrade
reaction may vary considerably across a mat, and the nonuniformity of the
values has the most influence on bending moments. After analysis of
bearing capacity, the Discrete Area Method should be used to analyze
mat-subgrade interaction.
Although the Discrete Area Method is available to allow the mat
analysis to properly model subgrade response for the effects of
complicated mat loading on the subgrade, the subgrade model and
parameters contain imperfections that can be improved only through more
rigorous construction observations with comprehensive measurements of
the mat and subgrade behavior. Inadequate construction quality control
and inadequate observations with unsatisfactory measurements continue
to contribute to unsuitable mat performance.
We must reestablish that loose bond to cope with mat foundation
design or become foundation engineers. The analysis and design of mat
foundations are too complex to allow a designer to proceed only on the
basis of a soils report.
SESSION DEVELOPMENT
The 1991 ACI session on the design and construction of mat
foundations was conceived to provide a state-of-the-art review for
engineers and builders. The session was first proposed by Dr. Shyam N.
Shukla in 1988 who later passed the baton to Edward J. Ulrich. A call for
papers was issued in 1990 for the Spring 1992 ACI Conference in
Washington, D.C. A total of 10 technical presentations from distinguished
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international engineers were accepted, but the session volume will include
an additional paper, "Subgrade Reaction in Mat Foundation Design" (13)
to complete the volume.
The honorable Dr. P. V. Banavalkar will give the first presentation
of Session I. He presents the results of a parametric study to determine
the most critical parameter in mat foundation design. Dr. Banavalkar
directed research that included the design of a tall building with a
perimeter tubular structural frame to examine mat interaction with a super
structure, effects of subgrade reaction, and mat structural properties.
The second presentation is given by Dr.John S. Horvath who
presents the results of analyses from two case studies using the finite
element method to model both the foundation and subgrade. Javier
Horvilleur shares the results of analysis, design, and performance of two
mat foundations in different geologic environments wherein the mats were
analyzed using finite elements with the Discrete Area Method. Mat
subgrade response models considered both long term and short term load
applications. The final presentation of Session I is given by Hugh Lacy
regarding the design and performance of a mat foundation on deep
compressible soil. Results of the analyses indicated the deflections under
long term loading conditions were severe using the Discrete Area Method
and provisions were made at each of the 2500 columns to relevel the
superstructure using hydraulic jacks and shims.
Session II focuses on case studies and begins with a presentation
by AI Brand on the Tallest Building in Europe. John C. Bravo reviews
temperature characteristics of a 9500 cu yd mat built in Hawaii's deepest
building excavation. Florian G. Barth presents design and construction
details on a post tensioned mat. Session II concludes with presentations
by Clyde Baker on structural interaction for innovative mat design and Ed
Ulrich reports on the Tallest Building in the Texas Medical Center.
Once again, "WELCOME!"
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SP 152-2

Mot Foundation ond Its
Interaction with the Superstructure
by P. V. Bcmavalkar

Synopsis:

Over the years the methods of analysis, design and construction for
structures have gone through major modifications, however, the use of mat
foundations to support building loads is ancient and very well documented.
The mat foundation is a result of merging individual spread footings which
support column loads and rest on soil strata, piles or piers. The size of the
mat foundation partially or fully covers the footprint of the tower structure
and usually extends well beyond its footprint. The bearing strata of a mat
foundation is determined by the allowable soil bearing capacity, the mat
performance in terms of its settlement and its impact on the structural
behavior of the superstructure. This paper discusses the analysis of a soil
supported mat foundation with emphasis on the variation of both structural
members and soil properties as they impact the design. The different
parameters considered in this study are structural property of concrete mat,
variation of modulus of subgrade reaction both in spatial and time domain
and variation in the loading pattern imposed on the mat. An interaction
between a realistic superstructure having a perimeter tubular structural
frame and a corresponding mat foundation is investigated for different
parametric values such as the stiffness of structural frame and soil
properties.

Keywords: Creep properties; frames; mat foundations; settlement
(structural); soil mechanics; soil stabilization; stiffness; superstructures
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ACI member P. V. Banavalkar is Executive Vice President and Chief
Engineer of CBM Engineers, Inc., a consulting structural engineering firm
in Houston, Texas. Dr. Banavalkar received his B. Tech/Engineering degree
from the Indian Institute of Technology, Bombay; M.S.jCivil Engineering
from the University of Illinois; and Ph.D./Civil Engineering from Cornell
University.

INTRODUCTION
Over the years the methods of analysis, design and construction for
structures have gone through major modifications; however, the use of mat
foundations to support building loads is ancient and very well documented.
The mat foundation is a result of merging individual spread footings which
support column loads and rest on soil strata, piles or piers. The size of the
mat foundation partially or fully covers the footprint of the tower structure
and usually extends well beyond its footprint. The bearing strata of a mat
foundation is determined by the allowable soil bearing capacity, the mat
performance in terms of its settlement and the settlement's impact on the
structural behavior of the superstructure. This paper discusses the analysis
of a soil supported mat foundation with emphasis on different structural
parameters which impact the design. The interaction between a realistic
superstructure with a perimeter tubular structural frame and a corresponding
mat foundation is investigated for different parametric values.
DETERMINATION OF BEARING STRATA FOR THE MAT
The net allowable soil pressure based upon a shear failure must be
verified, but it has seldom been a factor in determining the bearing strata of
mat foundations. Based upon the stratigraphy underneath, the bottom
elevation of the mat depends primarily upon the net sustained pressure on
the soil mass (see Fig. 1). The net sustained pressure is defined as the
difference between the pressure due to the sustained load from the
superstructure along with the weight of the mat and the pressure released
due to the excavation of the soil mass. In soils of the Beaumont clay
formation, found in the southwestern United States, mats designed for a net
sustained pressure between 1,000 psf to 2,500 psf have performed
satisfactorily. The determination of the allowable net sustained pressure
depends upon the differential settlement under the mat and the stability
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characteristic of the soil mass below. The differential settlement of a mat
is proportional to its net sustained pressure.
Since the mat foundation is to be located at a certain depth below the
ground level, the space below ground is usually utilized by providing
basement floors. Traditionally these floors are retail or parking levels as
chosen by the Owner.
The consistency of the vertical soil surcharge pressure adjacent to the
edges of the mat is important in determining the uniformity of behavior of
the mat foundation. Sometimes the tower structure occupies only a part of
the city block as was the case in Texas Commerce Tower, Houston, the
tallest soil supported structure in the world. The loss of soil surcharge
pressure over almost half the perimeter of the mat, as shown in Fig. 2,
reduced its safety factor against overturning. The required soil surcharge for
the desired factor of safety against overturning was provided at the
perimeter by elimination of one basement level (Fig. 2).
ANALYSIS AND DESIGN
Several simplified methods of mat analysis such as the strip method,
equivalent flat slab, beam on elastic foundation or a complex method such
as soil line theory (1) have been used in the past. However, in recent years
with the advent of finite element techniques, a plate on elastic foundation
method of analysis for mat foundations is common.
In order to analyze a mat foundation as a plate on elastic foundation,
the following design parameters are addressed:
I)

The Structural Properties of the Concrete Mat

II) The Soil Spring Constant (Modulus of Subgrade Reaction)
III) The Interaction of the mat with the Superstructure
The Structural Properties of the Concrete Mat
The thickness of the concrete mat foundation is based on the design
bending moments and the punching shear capacity underneath the applied
loads. A finite element program, with a plate bending element depends only
on the flexural stiffness of the element and does not account for shear
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distortion. Not recognizing the shear distortion tends to overestimate the
mat stiffness, the magnitude of which depends upon the shear span-to-depth
ratio. Use of multilayered solid or isoparametric elements would be a more
accurate simulation of a thick mat. The use of orthotropic plate bending
elements to simulate mat properties varying in mutually orthogonal
directions is perhaps justified only for a waffle type mat construction.
Because of simplicity both in modelling and interpretation of the analysis
results, plate bending elements have been used extensively.
The flexural properties of the mat are quite important in its analysis
and design. The author developed a program whereby, on the basis of
designed or anticipated amounts of steel reinforcement, variable flexural
properties consistent with the force levels in the mat segment can be used.
An average property of cracked moment of inertia of 0.6 times !gross has
been found to be satisfactorily accurate. As demonstrated later in the paper,
the variation in the flexural rigidity, "EI," impacts the design moments in the
mat.
The Spring Constant
The determination of the spring constant depends upon three specific
parameters:
A) Variations in the Spring Constant across the mat to Produce the
Settlement Contour Consistent with the Soil Analysis
B) Time Dependant Behavior of the Soil
C) Dependance of the Spring Constant on the Loading Pattern

Variation of the Spring Constant-- Customarily, a soil spring constant
is determined by a unit load method and further modified for the size effect
of the mat foundation (2). Such simplification is an approximation of global
behavior of the mat foundation, but it is erroneous as far as the design shear
and moments are concerned.
A uniformly loaded mat foundation analyzed for a uniform spring
constant will indicate uniform deflections (Fig. 3a). However, in reality, mat
behavior is contrary to this. A uniformly loaded mat shows a dishing effect
at the center. Because of the soil pressure surcharge and infinite soil mass
continuum beyond the edge of the mat foundation, the settlement profile of
the mat demonstrates a dishing effect with smaller displacement at the edge
and larger vertical displacement at the center (Fig. 3b ). The spring
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constants used in the analysis should depict this dishing behavior. A variable
spring constant with lower values at the interior portion and higher values
at the outer edge models this effect in the analysis. (See Fig. 3c.) This
particular variation of spring constant is applicable to a uniformly loaded
structure.
Time Dependant Behavior of Soil -- The time dependant settlement
behavior of the soil is to be reflected in the analysis and design of the mat.
Typically sandy soil responds fairly instantaneously to the applied
loads. The response to loading of clay soil is dramatically different. For
sustained dead loads, mat settlement extends over a long period of time,
eventually forming a stable deflected profile. However, for transient wind
or seismic loads, clay responds elastically. In clay, the spring constant to
produce deflections consistent with actual transient wind or seismic
deflections of the mat may be 2¥2 to 3 times greater than the spring constant
for sustained loads. The design of reinforcement has to envelop the
conditions of the sustained and the transient loads. The disregard of this
time dependant behavior can result in an erroneous steel reinforcement both
from the standpoint of magnitude and distribution.
The Loading Pattern -- Since the deflected profile of the mat
foundation has to coincide with the final stable configuration, the settlement
profile including the effects of dishing and rigid body rotation and possible
twisting about the axis of the mat has to be reflected in the spring constants
used for the design (Fig. 4).
Republic Bank Center in Houston represents the behavior of an
unevenly loaded mat foundation (Fig. 5). Because of the segmental building
profile the net sustained load on the mat foundation varied as shown in the
(Fig. 6). Further, because the adjacent banking hall reduced the overburden
surcharge on the east side of the high rise segment of the tower, the mat
showed a tendency to twist about the longitudinal axis. A 2" differential
settlement at the edge of the mat next to the lightly loaded Banking Hall
Section is apparent in Figure 7. Such differential settlements are discussed
near the end of this paper. The variable spring constants to reflect the
behavior of the rigid body rotation coupled with the twist are shown in the
Fig. 8.
The construction of future adjoining structures can influence the
settlement characteristics of the existing mat structure depending upon the
magnitude of new load, and the depth of excavation relative to the
previously completed existing structure. When such future construction is
anticipated, the resulting settlement characteristics imposed on the mat can
be represented by modified spring constants.
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Another loading which changes the mat settlement pattern is the
relative magnitude of load distribution during the completion process of the
structure. Buildings with heavy precast skin loads have higher intensity of
load on the perimeter of the building during the early life of the structure
until the interior core and tenant work is completed. Buildings which
remain unoccupied for a long period of time with heavy skin loads will have
a different settlement profile which will influence the design.
The Interaction with Structural Frame
Structural Systems -- The structural frame interaction with the mat
foundation depends primarily upon the ratio of shear stiffness between the
mat foundation and structural frame. It is further affected by the sequential
build up of stiffness which occurs simultaneously with the application of
loads.
Because of the insignificant or very low shear stiffness of structures
such as a simple span steel beam supported floor, concrete flat plate or even
a long span beam-column system (Figs. 9a, 9b, and 9c), they have practically
no influence on the mat design. However, individual structural elements are
affected by the differential settlement of their supports and must be checked
for serviceability.
In other groups of structural systems such as outrigger vierendeel
girders, trusses or floor-deep concrete beams designed to provide lateral
resistance to the building, though they do not offer redistribution of forces
in the mat itself, they need careful evaluation of their own structural
response to deflections induced by mat settlement (Fig. 9d, 9e, and 9f). A
ductile moment resisting frame, such as an outriggered vierendeel girder
(Fig. 9f), offers less resistance to differential settlement than truss type
elements (Fig. 9e ). Differential settlement between core and perimeter
columns can lead to excessive bending moment and shear in concrete panel
girders (Fig. 9d) or to overstressing of truss members (Fig. 9e ). The
deformation to be considered for such analysis should be based on the
anticipated differential mat settlement between the core and the perimeter
structure after the installation of the structural element as opposed to the
total differential settlement.
A third type of structural system is a tubular structure, either with
closely spaced beam-column assemblies or a braced frame (Fig. 9g). During
the case studies presented in the latter part of this paper an interaction
between the tubular structure and the mat foundation is studied in detail.
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Impact of Mat Rotation on Dynamic Characteristics of the Buildinfi - Structural steel buildings which are at times sensitive to wind loads in
terms of motion perception at the top occupied floor of the building can
derive some of their desired structural damping from the rotation of mat
foundations. Halvorsen and Isyumov (3) reported a measured critical
damping of 1.5% for the wind induced motion for Allied Bank Tower,
Houston, which is a steel building with a mat foundation. Damping for steel
buildings on more rigid foundations is in the range of 1.0%. Since the
acceleration is inversely proportional to the square root of critical damping,
the increased damping has a desired effect on reducing the motion
perception for the occupant of the top floor of the building.
A perimeter partial tube superstructure with restricted available mat
area beyond its footprint is subjected to a larger base rotation resulting in
an increased fundamental period of the building. This results in increased
lateral load on the building and higher horizontal acceleration at the top
floor of the building.
Heritage Plaza, a 53-story office building in Houston, has a lateral
load resisting system of partial braced tube along its two short ends.
Without considering the base mat rotation, the fundamental period of the
building along the short axis of the building was 6.56 seconds/cycle. In spite
of the thickened mat (Fig. 10) along its short sides, the fundamental period
of the building including the mat rotation increased to 6.81 seconds, thereby
increasing the dynamic wind loads and the wind induced acceleration at the
top occupied floor of the building.
PARAMETRIC CASE STUDIES
To establish the influence of variations in structural properties of the
mat, soil spring constant and the interaction between the mat and the
superstructure, two case studies were examined in detail.
In the first case, the mat foundation for Republic Bank Center (Fig.
5) which had variable mat properties and soil spring constants was analyzed
by varying the values of the different design parameters.
In the second case, a realistic 50-story building with a continuous
composite concrete frame on the perimeter, with and without a mat
foundation at its base, was analyzed by varying the values of the design
parameters.
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Case I - Republic Bank Mat Foundation
The 8' -0" minimum thickness mat foundation for this building had to
address variation in the loading pattern along with different perimeter soil
surcharge pressures. As discussed earlier, these design parameters were
addressed by variation in the spring constants (Fig. 8). In order to study the
effects of variable versus uniform spring constants and of the full moment
of inertia for the mat versus a cracked moment of inertia of .6 Igross, three
separate analyses of the mat were accomplished. They were:
1. Use the full moment of inertia of Igross of the mat foundation
and variable soil spring constant as shown in Fig. 8.

2. Mat moment of inertia of 0.60 Igross and the same variable
spring constant shown in Fig. 8.
3. Mat moment of inertia of 0.60 Igross with a uniform soil spring
constant of 15 pci as opposed to variable spring constants.
Under sustained dead load the variation in bending moments and the
settlement profile of the mat along longitudinal section AA and transverse
section BB are plotted in Fig. 11 and 12.
The sensitivity of the bending moment results and the deflection
profile to the use of the variable spring versus the uniform spring is quite
apparent from the figures. The results for bending moments along AA
direction varied as much as 600% in places from the design condition. A
variation of 29% in the deflection profile along the AA direction is observed
in Fig. 12a. For the magnitude of the variable spring constants used, the
changes in the mat effective moment of inertia had little influence on the
moments and deflections.
Case II - 50-story Structure with Perimeter Tube
A composite concrete perimeter tubular structure (Fig. 13) supported
on an 8' -0" thick mat foundation was analyzed. The mat was assumed to
have a uniform surcharge pressure all around its perimeter. In order to
simulate a realistic variation of soil stiffness at the base of the mat, the
interior spring constant was assumed to be approximately 62.5% that of the
perimeter spring constant. The properties of the superstructure along with
the supporting mat are given in Table I.
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In order to simulate the loading of the frame as it is being built and
thus provide a more accurate load distribution along the perimeter tube, the
structure was loaded with stacks of 10-story frames. The magnitude and
variation of the bending moments along different sections of the mat is used
as an indicator to study its response to the variation of different parameters.
The following studies were conducted with the results as shown in the
relevant figures and tables.
Influence of Mat on Column Load Distribution -- Two separate
structures were analyzed to establish the influence of the mat foundation on
the distribution of column loads.
1. The structure was analyzed with an unyielding base without the
mat foundation.
2. The same structure was analyzed with the mat foundation
supported on soil springs.
Both gravity and wind load conditions were studied. The reactions
at the base of the tower are given in Table II. As seen from the table, the
variation in the base reactions is in the range of approximately 10%. The
traditional separate analysis of structure and the mat foundation appears to
be reasonable for the spring constants (25 /40 pci) used for this analysis.
Based upon subsequent studies, it appears that this variation will be greater
if a lower spring constant is used in supporting the mat foundation.
Property of the Mat -- The structure was also analyzed with the full
stiffness of the building superstructure and flexural stiffnesses of the mat
which varied from 0.40 to 1.0 of Igross. Two spring constant values were
considered:
1.

A spring constant variation of 25/40 pci.

2.

A constant spring of 25 pci.

From the plots of bending moment diagrams along Section 2 on
Figure 13 (Fig. 15a and 15b), it is evident that the mat foundation is more
sensitive to changes in flexural stiffness for variable spring constants than for
a uniform spring constant. The larger curvatures of mats with variable
spring constants are associated with larger changes in moments for various
flexural stiffnesses. As the flexural property of Igross varies from 0.40 Igross
to 1.0 Igross, the bending moment in the mat increases by 80% at the center
of the mat (Section 2, Fig. 15a). However, the variation along the Section
1 (Fig. 14a and 14b) for both variable and uniform spring constants is only

22

Banavalkar

of the order of 10%. This smaller variation along Section 1 is due to the
smaller curvature of the mat along Section 1.
Variation in the Soil Spring Constant -- The structure was next
analyzed with a constant stiffness of mat and superstructure for soil spring
constants which varied from values of 36/60 to 12/20 pci. The distortion
and the bending moments in the mat increased with the more flexible spring
constants (Fig. 16a and 16b). It should be noted that the variation in the
spring constants influenced the mat bending moment along the short
direction (Section 2) more so than along the long direction (Section 1). The
bending moment results showed a variation of approximately 60% along the
short direction (Section 2) of the mat.
Variation of the Superstructure Stiffness-- To establish the impact of
the variation of superstructure stiffness on the mat foundation, two loading
conditions, namely gravity and wind, were investigated. Keeping the
property of the mat (0.60 !gross) constant and using a specific value of
spring constants, the stiffness of the superstructure was varied between the
limits of 200% of the stiffness of the structure as defined in Table I to a
superstructure stiffness of zero. Furthermore, an academic study of an
infinitely stiff structure was made by attaching an infinitely rigid bending
element to the mat continuously along the perimeter tubular structure. The
results of bending moment variations along Sections 1, 2, 3, and 4 (Fig. 17
through 20) indicate that dead load moments are relatively unaffected by
variations in the building stiffness ranging from 0% to 200% (except for
directly under the short direction columns as shown in Fig. 19a). Similarly,
the wind load moments for building stiffness variations from 50% to 200%
typically vary by only 25%. These small influences are in contrast to the
remarkable variation found in the infinite building stiffness analyses. This
indicates that the mat stiffness is many times larger than the building
stiffness and therefore insensitive to changes in the building stiffness until
those changes are dramatic. Another implication is that practically nondeformable wall elements on mat foundations, such as multi-story basement
walls, need careful evaluation during the design process.
To simulate the stiffness of a tubular superstructure in the analysis of
a mat foundation it is recommended to incorporate a linear beam element
in the finite element model of the mat. The beam element should be
attached to the finite element model only at column locations. Due to the
sequential build up of stiffness of the superstructure during construction, a
reduced stiffness of 60% of the stiffness of the shear panels of beam-column
assemblies of the entire superstructure should be used.
Type of Structural Frame -- Though not studied in the detail, the
perimeter tubular structure was modified by eliminating the middle portion
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of the long side of the tube. As noted in the lateral deflection for wind
loads on the structure (Table I) the lateral stiffness contribution of the
center portion of the frame, which primarily contributes to X-direction
stiffness, is not really necessary. The modification was done by removing
each alternate column and replacing the rigidly connected spandrel beams
with simply supported ones. The influence of the two C shaped partial tubes
on the behavior of the mat foundation was then studied. For the mat
described in Table I, the mat dead load bending moments were affected
insignificantly (Fig. 21) by this change in structure.
STRUCTURAL DETAILS
Two main areas of concern have to be addressed due to mat
settlement as it relates to the structural frame:
1. The joint between the surrounding lightly loaded structure and
the main tower frame always presents an interesting problem (Fig. 22a).
The lightly loaded surrounding structure shows a tendency of heaving as
opposed to settlement thereby creating a "step" between the surrounding
structure and the tower. The problem can be addressed in two ways. One
approach is to delay the construction of the lightly loaded surrounding
structure until after the majority of the tower settlement takes place.
However, this solution is not always practical. To have the surrounding area
open during construction is not feasible from both a construction and an
economic standpoint. It also extends the liability exposure of the Owner.
A mat foundation founded on overconsolidated clay soils may go through 50
to 60% of its final settlement at the time of topping out of tower. The
remaining 50 to 40% of its final settlement can also be of a substantial
magnitude which needs to be accommodated between the interface of these
structures. The alternate approach is to set the surrounding area lower than
its final grade and provide pin type or bearing type hinge joints between the
surrounding area and the tower structure. (Fig. 22b and 22c).

2. Just as with the axial shortening problem in tall buildings, mat
settlement can cause unwarranted uneven floors or even cracking. The
unevenness in the floor can be minimized by setting the base of the tower
structure so as to offset the anticipated differential elevation between the
interior core and the perimeter columns. The difference in the elevation can
be accommodated by cambering the mat foundation or by setting the base
plates of columns at elevations higher than the theoretical ones. However,
over-compensation of the settlement at the base can also be detrimental,
particularly at the time of placement of finishes in the tower.

24

Banavalkar

CONCLUSION

Based upon the parametric study conducted for a realistic tubular
structure resting on a mat foundation along with the case study of Republic
Bank, the following conclusions can be drawn.
1. The most significant parameter in the design of the mat
foundation is the variation of the spring constant (modulus of subgrade
reaction) and its magnitude. An assumption of uniform spring constant or
an inaccurate variation can lead to major errors in the mat design moments.

2. The flexural property of the mat assumed in the analysis and
design is quite important particularly for low values of modulus of subgrade
reaction.
3. Combining 1 and 2 above, the most important property in the
mat design is the ratio between modulus of subgrade reaction and the mat
stiffness itself. This ratio is usually expressed as a constant of
discussions of the behavior of beams on elastic foundations.

(:I
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4. The variation in the stiffness of the tubular superstructure did not
appear to be critical in a redistribution of mat forces and also in the forces
in the spandrels of the superstructure. However, its influence on the mat
supported on flexible springs is relatively more significant. Also, the
influence of a rigid wall type structure on both the foundation and the
superstructure should be considered in the design.
5. The design assumption, that the base of the superstructure is
rigid, which is reasonable most of the time, needs to be examined further for
low subgrade soil moduli.
6. The analysis of a mat should be performed accounting for twoway plate action.
A qualitative parametric analytical study of an instrumented mat
foundation should be conducted so that the analytical study could be
supplemented by experimental verification.
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TABLE I -

DATA OF BASE STRUCTURE FOR FIG. 13

Size
F'c
Spring Constant (base) Zone A
Spring Constant (base) Zone B
Transient Spring Constant
Moment of Inertia
Total Superimposed Load
Dead Load Net Sustained Pressure

260' -0" x 140' -0" x 8' -0" thick
5,000 psi
25 pci
40 pci
125 pci
0.6 lgross
184,400 kips
1,100 psf

COLUMN SIZES
C-3

Concrete
f'c psi

C-4

Aoors

C·1

C-2

Fdn • 10

IDxW)
36 X 30

36

X

24

36

X

18

30

X

30

6,000

10

20

36

X

27

36

X

21

36

X

18

30

X

30

6,000

20-30

36

X

24

36

X

18

36

X

18

30

X

30

5,000

30-35

36

X

21

38

X

18

36

X

18

30

X

30

5,000

35-40

36

X

21

36

X

18

36

X

18

30x 30

4,000

40.50

36

X

18

36

X

18

36

X

18

30

4,000

°

Note:

X

30

Spandrel width same as column.
The I spandrel = 0.6 lgross.
The I column = 1.0 lgross.

Gravity Aoor • Steel beam supporting 5 Y." thick lightweight concrete slab on 2" deep deck.
Superimposed Loads are 10 psf ceiling + 20 psf partition.
Self weight of interior steel structure is 12 psf.
Perimeter columns and spandrel beams are normal weight concrete.
Perimeter is clad with granite.
Wind Loads -

ANSI "B" 90 mph
Deflection: Wind Z • 23"

Wind X· 6"

Shear stiffness ratio matlstructure:

Along section 3 = 5.0
Along section 4 = 6.8
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TABlE II - VERTICAl REAITIONS. UNIT = KIPS

Col.~

(B)

live Loed
(8)
(AI

I

Wind (Z..Qirl
(8)
(AI

Wind IX·Dirl
(8)
(AI

1

1,578

1,617

241

240

321

394

3

5

2

1,574

1.612

240

239

328

403

10

14

3

1,564

1,603

238

236

343

421

17

24

4

1,547

1,587

235

232

366

448

24

34

5

1,524

1,563

231

226

398

483

29

44

6

1.492

1,527

224

218

443

527

32

51

7

1.450

1.478

215

208

505

583

25

46

8

1,874

1,895

274

264

784

866

21

47
125

9

1.831

1,827

265

259

922

935

108

10

1,795

1.786

256

261

1.146

1,088

171

173

11

1,765

1,787

250

277

1.578

1,442

260

244

12

1.812

2,102

254

377

2,639

2.510

521

483

13

2.142

2,109

298

320

1.790

1,588

375

341

14

2.113

2,003

293

279

1,155

1,016

277

264

15

2,091

1,957

289

257

749

672

232

237

16

2,077

1,930

286

245

425

391

209

225

17

2,071

1,917

285

238

138

129

199

220

IAI Without mat interaction.
(8) With mat interaction.
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Mot Foundation Design A Soil-Structure Interaction Problem
by J. F. Horvilleur and V. B. Patel

Synopsis: The paper reviews methods used in preliminary design of mat
foundations as well as procedures used in final analysis and design.
Emphasis is placed on the effect that different structural and soil properties
have on mat design bending moments and pressure distribution. Using
results of parametric studies on two actual mat foundations, the sensitivity of
mat moments and pressure distribution to changes in design parameters is
investigated. The soil dishing phenomena and the effect it has on the mat
structural design is discussed. The effect that the superstructure stiffness has
on mat behavior and the effect that differential settlement within the mat has
in the superstructure is presented and discussed. Finally, specific
recommendations are provided regarding the selection of proper structural
and soil properties to be used in the analysis and design of foundation mats.

Keywords: Bending moments; creep properties; mat foundations;
pressure; settlement (structural); soil mechanics; stiffness; structural
analysis
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INTRODUCTION

A mat foundation consists of a large, thick reinforced concrete flat plate used
to distribute multiple column loads to the underlying soils. Mat foundations
are used when the allowable bearing pressures are low or when the size of
individual spread footings is close to or exceeds the column spacing. The
relatively high flexural and shear stiffness of mat foundations are
advantageous in reducing differential settlements between adjacent columns.
The purpose of this paper is to review methods used in preliminary design,
and to study the influence that different structural and soil design parameters
have on the final analysis and design of mat foundations. A parametric
study is conducted on two actual mat foundations, and the effect that the
different design parameters have on pressure distribution and design bending
moments is presented. The design parameters studied include the mat
flexural properties, mat shear deformations, the magnitude of the soil
modulus of subgrade reaction, the soil dishing phenomena and long-term
effects both in the structural properties and the soil response. The
interaction of the structure with the mat and the effect that differential
settlement within the mat has on the structure are discussed. Finally, design
recommendations are provided including recommendations on specific
modeling assumptions required to conduct a proper mat-subgrade interaction
analysis.
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PRELIMINARY DESIGN
The purpose of preliminary design is to establish initial mat plan dimensions,
initial mat thickness and mat concrete strength. The above three parameters
are required in order to conduct a detailed mat-subgrade interaction analysis.
The goal of the preliminary design process is to select mat dimensions,
thickness and concrete strength which will "work" on the final design. This
will avoid time consuming iterations required to converge on the final
answer.
The oldest and most widely used method of foundation design is the so
called "Conventional Method" or "Rigid Method". In this method, the mat
is assumed to be infinitely rigid and the soil pressures and settlements are
assumed to be linear. The "Conventional Method" is routinely used in the
design of isolated spread footings and simple combined footings.
Eventhough this method does not capture the true behavior of large mat
foundations, it is adequate for preliminary design. Experience with design
of many mat foundations shows that initial sizes obtained in preliminary
design seldom need to be changed as a result of the final analysis.
The mat plan dimensions must satisfy three different criteria as follows:
a.

Allowable Gross Applied Pressure- "Gravity Loads Only".
q

=

Pt

+

Wmat
B·L

+

Pt · ex
Sx

+

Pt · ey ~ Pgross
Sy

(Eq. 1)

where:
Bearing pressure (kst)
Total building design load including design live load.
(kips)
Wmat:

Weight of mat foundation. (kips)

B:
L:

Mat width (ft.)

ex:

Distance from centroid of building design load to
centroid of mat foundation in "x" direction. (ft.)
Mat section modulus in "X" direction. (ft.3)

Mat length (ft.)

Distance from centroid of building design load to
centroid of mat foundation in "y" direction. (ft.)
Mat section modulus in "y" direction. (ft.3)
Allowable Gross Bearing Pressure (kst)
The above variables are shown in Figure 1. The allowable gross
bearing pressure is provided by the Geotechnical Engineer. In
order to avoid potential tilt problems, whenever possible, it is
recommended that the centroid of the applied load coincide with
the centroid of the mat.
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b.

Allowable Net Sustained Pressure- "Gravity Only".
q

=

Psust+WmarWsoil+Psust · ex+Psust· ey~Pnet (Eq.2)
B·L
Sx
Sy

where:
Psust:

Sustained Building Weight. (kips)

Wsoil:

Weight of excavated soil (kips)

Pnet:

Allowable Net Sustained Pressure (kst)

The sustained building weight consists of the actual weight of
fixed building elements such as the weight of floor slabs, beams,
columns, the building skin, fixed walls and the engineer's best
estimate of the weight of movable partitions, ceiling, mechanical
and sustained live loads. For office buildings, a load of 12 to 15
psf is considered adequate to allow for movable partitions,
ceiling, mechanical and sustained live load.
Figure 2 shows the net pressure concept for a mat foundation
where the centroid of the applied load and the centroid of the
mat are the same. The allowable net sustained pressure is
provided by the Geotechnical Engineer. The net bearing
pressure is the most important parameter in the determination of
longterm mat settlements and frequently controls the mat plan
dimensions.
c.

Allowable Gross Applied Pressure - "Gravity Plus Lateral
Loads".
The mat plan dimensions must also be such that the maximum
edge pressures under lateral loads are within allowable values.
For the simple case where the centroid of the building weight
coincides with the centroid of the mat, the maximum edge
pressure can be computed as follows:

q =

Pt + Wmat + M1 ~ Pgross
B·L
S

(Eq. 3)

where
Ml:

Moment due to lateral loads. (K-ft.)

S:

Mat Section Modulus (ft.3)

q:

Edge pressure (kst)

Note that weight of excavated soil is not deducted when bearing
pressure is checked against gross bearing pressure.
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Equation 3. is valid only if the eccentricity e = Mli(Pt+Wmav
caused by the lateral moment is equal to or less than 0.167 times
the mat dimension (also called "Kern Limit"), or in other words,
if compression exists over the entire mat footprint. For cases
where e > 0.167 L, there is only partial contact between the mat
and the subgrade, and the maximum edge pressure can be
computed by:
q

=

2 . (Pt + Wmat)
3B·(L/2-e)

~ Pgross

(Eq. 4)

The allowable gross applied pressure in this case should consider the fact
that the lateral moments are due to wind or earthquake and are thus transient
in nature. This fact is recognized by increasing the allowable bearing
pressure for this load condition. Typically, an increase of25 to 33% in
allowable pressure is used in practice.

It is evident from Equations 3 and 4 that the computation of mat pressures is
a non-linear problem. Fore < L/6, the mat edge pressure "q" is calculated
by Eq. (3). For values of e > L/6, Eq. (4) must be used. It should also be
noted that when e > L/6, the magnitude of the edge pressure "q" is very
sensitive to relatively small increases in eccentricity. In the design of mat
foundations, it is generally recommended to avoid foundation uplift. If this
is not possible, and partial uplift is present, the mat design must proceed
with extreme caution. It is recommended that the mat analysis and design be
conducted at ultimate load levels. This is contrary to the usual practice,
whereby the mat analysis is conducted at service load levels, and the
resulting pressures are multiplied by a pseudo factor of safety to determine
ultimate bending moments. This practice can result in inconsistent designs
and inadequate magnitudes of factor of safety. To illustrate this point,
consider the simple example of Figure 3. In this example, the soil edge
pressure calculated at working load levels is 10 ksf. The soil pressure
calculated for ACI 318 load condition of 0.9D - 1.3W is 27 ksf. A 30%
increase in moment results in a 270% increase in soil pressure. In order to
avoid design inconsistencies as above, the mat analysis and design should be
conducted at ultimate load levels from the start. It is believed that this
approach is consistent with the ultimate strength design philosophy of the
ACI 318 Building Code.
Another subject which deserves particular attention, is the design of mat
foundations to resist overturning moments caused by seismic loads. It has
been shown analytically, that for highrise buildings, a given earthquake
causes approximately the same lateral displacements, regardless of whether
the structure responds elastically or with any degree of inelasticity. This
observation is sometimes referred to as the equal displacement principle.
Figure 4, adapted from Ref. (10) illustrates the above. If the structure was
designed to remain totally elastic during an earthquake, the lateral forces
generated during a seismic event would be equal to Fu and the lateral
displacement would be ou. In most applications, U.S. codes specify lateral
force levels which are much smaller than Fu and require that the structure
have adequate ductility to deform inelastically to reach the required lateral
The load deformation characteristics of a structure
displacement
designed for Code level forces follows line OAB. Examination of path OAB

ou.
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indicates that, the structure starts out behaving elastically and continues to do
so until it reaches its yield level (Point A). At yield, the structure continues
to deform inelastically (Line AB) until it reaches ou, with theoretically no
increase in lateral force. It should be noted that path OAB assumes that the
"yield capacity" of the structure is exactly the same as the code specified
ultimate lateral load, Fcode. If for whatever reason, the structure yield
capacity Fstr is larger than the required capacity Fcode, the load deformation
path of the structure will follow line OCD, with an increased lateral force
level and a corresponding reduction in inelastic deformation. The maximum
lateral force generated during a seismic event will be the smaller of Fu or
Fstr.
The seismic overturning moments and shears transmitted by the structure to
its foundation are not governed by code specified loads but by the yield load
capacity of the structure. In cases where the structure's overstrength is
significant, the foundation will be subjected to significantly higher force
levels than would be predicted by code level forces. These higher forces, if
not considered in design, can cause overloads resulting in foundation
distress, punching shear failure or significant soil overstress. It is
recommended herewith that in seismic areas, the foundation mat be designed
to safely support the overturning moments associated with the yield capacity
of the structure as opposed to overturning moments associated with code
specified forces.
In seismic design, the shear capacity of members is required to exceed the
corresponding flexural capacity, the moment strength of columns is required
to exceed that of beams at a joint, similarly, the overturning moment
capacity of the mat foundation should be required to be larger than the
overturning moment capacity of the structure. Also, since mat foundations
are seldom exposed, which limits their observation after a seismic event, and
since repair of distressed areas may be impractical if not impossible to do, it
is recommended that mat foundations be designed to remain elastic during
the design earthquake.
The problem of mismatch in strength between the structure and the
foundation requires special attention to insure that the mat foundation is
designed for realistic forces. The most important concept to understand is
that the structure's overstrength must be taken into account in determining
the overturning moment for which the mat is designed. The mat foundation
must not be the weak link.
MAT THICKNESS AND CONCRETE STRENGTH

The mat thickness and concrete strength are normally proportioned to satisfy
punching and one way shear requirements. In most cases, punching shear
controls the mat thickness. Widespread use of punching shear reinforcement
is normally avoided but shear reinforcement is sometimes used under the
most heavily loaded columns in the building. Column caps or pedestals cast
monolithically with the mat can also be used to solve isolated punching shear
problems. Because of concerns with heat of hydration, the mat concrete
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strength is normally in the 4,000 to 5,000 psi range although mats with
concrete strengths of 6,000 psi have been poured without any reported
problems.
Once the preliminary mat plan dimensions, mat thickness and concrete
strength are determined, the mat detailed design can start.
DETAILED DESIGN

In this day and age, the final detailed design of mat foundations is done
using the finite element method with the aid of personal or main frame
computers. Using square, rectangular or triangular elements, the mat is
modeled as a two way flat plate supported on an elastic foundation. Details
of the finite element method and its computer applications in mat design are
covered in Reference 4 and will not be repeated here. The parameters which
enter into the solution of this soil-structure interaction problem are (1) the
mat plan geometry, (2) location and magnitude of applied loads, (3) the mat
bending and shear stiffness, (4) concrete modulus of elasticity and shear
modulus, (5) the superstructure stiffness, and last but certainly not least, (6)
the soil response, normally referred to as the soil modulus of subgrade
reaction "K", which has units of pressure divided by length (psi/in.). In this
context, a "K" value of 50 pci, means that if the soil is subjected to a
pressure of 50 psi it will deflect 1 in.
Once the above parameters are known, the finite element grid can be
generated and the complete analysis of the mat foundation can be performed
on the computer in a matter of minutes. Available post-processors also
design the mat reinforcing steel for the resulting bending moments. As any
other structural element, the mat must be designed for multiple load
conditions as required by ACI 318. As a minimum, the load conditions
investigated must include the following:
(1)
(2)
(3)
(4)
(5)

1.4D + 1.7L
0.75 (1.4D + 1.7L + 1.7W)
0.75 (1.4D + 1.7L- 1.7W)
0.9D + 1.3W
0.9D - 1.3W

If earthquake design ("E") is required, W in above expressions should be
replaced with 1.1E. It should also be noted that wind and earthquake effects
need to be checked in at least two orthogonal directions. This effectively
doubles the number of load conditions.

The mat structural properties and soil modulus of subgrade reaction used in
the different load conditions must be consistent with the nature, magnitude,
and duration of the applied loads. For example, gross bending properties
may be appropriate for a mat where the applied moments are less than the
mat unreinforced section moment capacity, Mer· If the mat applied
moments are larger than Mer• a reduced mat moment of inertia must be
used. For these purposes, ACI 318 Equation 9.7 may be used to calculate
an effective moment of inertia. As is normally done for beams, the effective
mat moment of inertia should be computed in the negative and positive
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moment regions and the average of the two should be used in design. The
value of the concrete modulus of elasticity used in the analysis must reflect
the non linear behavior of concrete under sustained loads. For sustained
loads, such as dead loads, the elastic concrete modulus of elasticity Ec
should be reduced by a factor to account for long-term effects. Unless a
more detailed analysis is carried out, it is recommended that this reduction
factor be taken as 2.0. This means that the concrete long-term modulus of
elasticity may be taken as 0.5 Be· For transient loads such as live loads and
for dynamic loads such as loads due to wind or earthquake, the full elastic
modulus of elasticity Ec should be used. The previous statement on Ec also
applies to the shear modulus Gc which is used when the mat shear
deformations are included in the analysis. The full elastic value of Gc
should be used for transient and dynamic loads and a reduced value such as
0.5 Gc for sustained loads.
As with structural parameters, it is important to use appropriate soil response
parameters for the different load conditions. Houston clays, for example,
exhibit very different behavior under sustained and transient or dynamic
loads. Under sustained loads, values of the Modulus of Subgrade Reaction
"K" of the order of 15 to 35 pci are common. Under dynamic loads such as
wind, "K" values of 100 to 150 pci are normally used. The reason for this
dramatic difference in response is that settlement in clay, much like
deflections in concrete elements, are time dependent. The initial elastic
settlement is only a fraction of the total long-term settlement. Sand on the
other hand responds fairly elastically to load. It could be said that from a
time dependent response point of view, clay is analogous to concrete and
sand to structural steel.
It follows from the preceding discussion, that different values of structural
and soil parameters should be used for different load cases. The resulting
mat bending moments and pressure profiles for the different load
combinations should be obtained by superposition. This of course
complicates the analysis and reinforcing steel design of the mat. Depending
on the ratio between the magnitudes of the different load components, the
extra effort required by the superposition analysis may not be warranted.
One simplification typically done in design office practice, is that the full
design load, which consists of the full design dead load plus full design live
load is taken as a sustained load. Design parameters consistent with the
sustained load condition are used in the analysis and the results for the 1.4D
+ 1. 7L load combination are obtained in one analysis without having to go
through the superposition process. This simplification ignores the fact that
live loads are transient in nature. A more correct and pure approach would
be to conduct one analysis for the sustained portion of the load and to run
another analysis for the transient portion of the load. Appropriate soil
response and structural parameters should be used in each analysis. The
final soil pressures and bending moments are obtained by superposition of
the two analysis. Considering the fact that the ratio of sustained loads to
total design loads is usually high, (80 to 90% for concrete office buildings)
the above simplification is justified.
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It is recommended that analysis for load combinations which include wind

loads be treated in a similar manner. When pressure increases due to wind
loads are small, the double analysis and superposition method approach may
not be warranted. For cases where transient live loads constitute a
significant portion of the load or when wind or earthquake loads result in
significant pressure increases, two analysis, using appropriate soil and
structural parameters should be conducted and the resulting design pressures
and moments should be obtained by superposition. It is again stressed that
the mat analysis should be conducted using ultimate loads from the
beginning. This is specially true for load combinations such as the ACI 318
0.9D - 1.3W condition.
It should be noted that in general, available computer programs require as

input the mat thickness and either the modulus of elasticity directly or the
concrete strength. In the latter case, the modulus of elasticity is computed
internally by the program using the ACI Equations. Unless specifically
changed by the user, the analysis is conducted using gross flexural properties
and elastic values for the modulus of elasticity. It will be shown in the next
section, that mat bending moments are very sensitive to assumptions made in
the computation of the mat flexural stiffness EI and the magnitude of the soil
Modulus of Subgrade Reaction "K". In the authors' opinion, in this case,
computer technology is way ahead of the true understanding of the matsubgrade interaction. Settlement monitoring of actual mat foundations
indicates that settlement predictions, and thus the assumed values of "K",
can be easily off by factors of the order of 100%. Fast and efficient
computer solutions to this complex problem can provide a false sense of
security to the design engineer.
PARAMETRIC STUDIES

In this section of the paper, results of a parametric study conducted on two
actual mat foundations are presented. The purpose of this exercise is to
study the effect that assumptions made on different design parameters have
on the magnitude and distribution of soil pressures and design bending
moments. Specifically, the parameters studied herewith include:
A.
B.
C.

The Mat Flexural Properties EI.
Effect of Mat Shear Deformations.
Modulus of Subgrade Reaction "K".

The buildings used in the above study are the NCNB Corporate Center in
Charlotte, North Carolina and the Smith Tower, a professional office
building in Houston, Texas. For each mat, analysis were conducted using
different values of the above parameters.
The NCNB Corporate Center is a 60-story all concrete building located in
downtown Charlotte, North Carolina. The building is the third tallest
reinforced concrete building in the world. Two foundation systems are used
in the building. The perimeter columns are supported on deep concrete
caissons bearing on 150 ksf rock. The core columns are supported on a core
mat. The NCNB core mat is shown on Figure 5. Mat plan dimensions are
84ft. x 93ft. with a mat thickness of 8ft. The concrete strength was 6,000
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psi. The average gross mat bearing pressure under total loads was 20 ksf
with a net sustained pressure of 15 ksf. The mat was founded on partially
weathered rock with an average modulus of subgrade reaction of 290 pci.
The Smith Tower is a 30-story all concrete building located in the Texas
Medical Center, in Houston, Texas. In this case, the entire building is
supported on the mat. The Smith Tower mat is shown on Figure 6. Mat
plan dimensions are 106 ft. x 228 ft., with a mat thickness of 5'-6". The
concrete strength was 4,000 psi. The average gross mat bearing pressure
under total loads was 6.6 ksf with a mat sustained pressure of 0.50 ksf. This
mat was close to being a fully compensated mat. A mat is called fully
compensated when the sustained weight of building including weight of mat
is nearly equal to the weight of excavated soil. The mat was founded in
Houston clays with an average modulus of subgrade reaction of 35 pci.
The parametric study results are presented below:
A.

Mat Flexural Properties.
Two analysis were conducted on both the NCNB and Smith Tower
mats. The analysis were conducted for gravity loads using different
values for the mat moment of inertia. In both cases, thick elements
were used meaning that shear deformations were considered. The
elastic concrete modulus of elasticity was used, long-term effects were
ignored. For the NCNB mat a uniform K = 290 pci was used. A
uniform K = 35 pci was used in the Smith Tower mat. The only
parameter that was varied was the magnitude of the mat moment of
inertia "I". One analysis was conducted using Igross and the second
analysis was conducted using Jeff. The effective moment of inertia
was computed using ACI Eq. 9-7. Ieff was in both cases
approximately equal to 0.55 !gross.
Figure 7 shows the pressure intensity across Section A-A averaged
over the full width of the NCNB mat. As evident from the figure, the
pressure diagram does not appear to be very sensitive to changes in EI.
The maximum difference in pressure is less than 1%. Figure 8 shows
the moment across Section A-A, again averaged over the full width of
the NCNB mat. The moment is given in units of kip-ft. per ft. of
width and is plotted on the tension face. In this paper, positive
moments are defined as moments which cause tension on the top of the
mat. Similarly, negative moments cause tension on the bottom of the
mat. On the NCNB mat, positive moments changed by 15% and
negative moments changed by 46% which is considered to be very
significant. Figures 9 and 10 show the Smith Tower mat pressure and
moment diagrams respectively. The maximum change in pressure was
4% with a maximum change in moment of 8%. Note that the change
in moment in the Smith Tower mat is significantly smaller than the
change in the NCNB mat. This is attributed to the fact that the Smith
Tower mat is relatively thinner with a larger column spacing. The
span to depth ratio in the NCNB mat is approximately 3. The span to
depth ratio on the Smith Tower mat is close to 6.50.
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Shear Deformations.
Mats are relatively thick elements with typical span to depth ratios
varying from as low as 2.0 to as high as 8.0. At first, it would appear
that shear deformations would play a significant role in the mat soil
interaction problem. As before, two analysis were conducted for each
mat. In one analysis, shear deformations were considered. In the
second analysis, shear deformations were ignored. The mat moment
of inertia and soil modulus of subgrade reaction "K" values were kept
constant in both analysis. Figures 11 and 12 show the effect that shear
deformation had on the soil pressures and bending moments of the
NCNB mat respectively. As evident from the Figures, it appears that
shear deformations do not significantly affect the mat pressures or
moments. Moment and pressure variations in the Smith Tower mat
were even smaller than those of the NCNB mat. It appears that the
thin "bending only" elements used for many years in mat design
provide adequate results.

C.

Modulus of Subgrade Reaction "K".
The modulus of subgrade reaction has been referred to as the single
most important parameter in mat foundation design. Figure 13 shows
the pressure variations for the NCNB mat when analyzed using
different values of "K". Analysis were conducted using K = 290 pci
and K = 580 pci. The maximum change in pressures was 7%. Figure
14 shows the moment variation. There was a 30% change in positive
moment and a 43% change in negative moment. As was the case with
variations in EI, the mat moments are significantly more sensitive to
variations in "K" than the soil pressures. Figures 15 and 16 show the
effect that "K" had on pressures and moments on the Smith Tower
mat. The maximum change in pressure was 9%. The maximum
moment variation was 21% and occurred in the positive moment
region.
Figure 17 shows a summary of the percent change in moment and
pressures on both mats as a function of variations in the different
parameters. The following conclusions can be drawn from Figure 17:
a.
b.
c.
d.
e.

Soil pressure distributions do not appear to be very sensitive to
variations in any of the parameters studied.
Mat bending moments are very sensitive to the mat flexural
properties.
Shear deformations do not significantly affect either pressure
distribution or mat bending moments.
Mat bending moments are very sensitive to variations in the
modulus of subgrade reaction "K".
The NCNB mat bending moments are significantly more
sensitive to changes in EI and K than the Smith Tower mat
bending moments. This difference is attributed to the fact that
the NCNB mat span to depth ratio is significantly smaller than
that of the Smith Tower mat. (NCNB Lid = 3.0, Smith Lid =
6.50).
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The results of the parametric study reinforce the fact that appropriate values
of the different parameters must be used for different load conditions.
Proper values of mat "EI" and soil "K" must be used if realistic moment
magnitudes are to be predicted by the mat finite element computer analysis.
One limitation on the above parametric study is that a uniform modulus of
subgrade reaction was used in all cases over the entire mat footprint.
Eventhough, as will be shown later, this limitation is very significant, it is
believed that all the conclusions drawn from the parametric study results are
still valid.
SUBGRADE DISHING PHENOMENA

A flexible uniformly loaded flat plate of uniform stiffness will dish when
loaded with a uniform pressure. This fact is schematically illustrated in
Figure 18. The best way Structural Engineers can understand the dishing
phenomena is by studying the reduction of soil pressure with depth for points
at different locations within the mat footprint. Take for example the mat in
Figure 19. Point A represents a 1 ft. x 1 ft. square of soil in the center of
the mat. Point B represents a 1 ft. x 1 ft. square of soil at the mat edge. If
this mat is loaded with a uniform pressure, the pressure immediately below
the bottom of the mat is the same at both points A and B. Because of the
infinite soil continuum around the mat, the pressure at point B dissipates
with depth at a much faster rate than the pressure at point A, which is
surrounded by elements which are themselves loaded. Assume for a moment
that elements at A and B are 1 ft. x 1 ft. columns of soil with an axial load
diagram as shown in Figure 19. The axial deformation of columns A and B
will be equal to the integration of the PI AE diagram over an effective soil
depth. The pressure diagram of Figure 19, clearly indicates that for the
same pressure at the bottom of the mat, the axial shortening of column A
will be significantly higher than that of column B.
If a flexible uniformly loaded flat plate of uniform stiffness is modeled using
the finite element method, if it is loaded with a uniform surface pressure,
and if the modulus of subgrade reaction is uniform across the plate footprint,
the plate will deflect as shown in Figure 20. Since the major analysis
assumption of the finite element method is that, pressures are equal to
displacements multiplied by the modulus of subgrade reaction, under
conditions of uniform stiffness, uniform loads will cause uniform
settlements.

Modeling of the actual subgrade response requires the use of a variable "K"
value across the mat footprint. The determination of the proper magnitude
of the modulus of subgrade reaction at different locations within the mat
footprint requires a very close collaboration of the Structural and
Geotechnical Engineers. The magnitude of the modulus of subgrade reaction
at different locations in the mat is determined by an iterative analysis known
as the Discrete Area Method (5). This analysis is conducted as follows:
Step 1.

The Structural Engineer conducts a finite element computer
analysis of the mat using the Geotechnical Engineer's best
estimate of the modulus of subgrade reaction "K". In the first
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analysis a uniform value of "K" is used over the entire mat
footprint. The Structural Engineer's analysis ignores soil spring
coupling.
Step 2.

Using the pressure distributions from Step 1, the Geotechnical
Engineer calculates the soil settlement at each node. The
Geotechnical Engineer's analysis ignores the mat stiffness.
Using the soil pressures from Step 1 and the computed
settlements from Step 2, a new modulus of subgrade reaction is
computed at each node.

Step 3.

Using the modulus of subgrade reaction computed for each node
in Step 2, the Structural Engineer conducts a new analysis and a
new pressure distribution is obtained. It should be noted that in
this analysis the modulus of subgrade reaction varies within the
mat footprint.

Step 4.

Using the pressure distributions from Step 3, the Geotechnical
Engineer computes new settlements at each node. With the soil
pressures of Step 3 and the settlements of Step 4 a new "K"
value is calculated at each node.

The above iterative procedure is continued until convergence is achieved.
Convergence is achieved when the displacements predicted by the Structural
Engineer's finite element analysis match the settlements predicted by the
Geotechnical Engineer. Two to three iterations are normally required for
convergence. The results of this interactive analysis produce a set of
modulus of subgrade reactions which vary within the mat footprint.
Normally, softer "K" values are determined for elements in the center of the
mat. The "K" values increase towards the mat edges with the maximum
values typically located at the mat comers. The variable modulus of
subgrade reaction within the mat footprint makes it possible to model the soil
"Dishing Phenomena".
If a flexible uniformly loaded plate of uniform stiffness is modeled using the
finite element method, if it is loaded with a uniform surface pressure, and if
the modulus of subgrade reaction is small at the mat center and gradually
increases towards the mat edges and comers, the finite element analysis will
predict that the mat dishes in the center. This is schematically shown in
Figure 21. The variable modulus of subgrade reaction is the tool that
Structural and Geotechnical Engineers use to model the soil "dishing
phenomena".
SOIL DISHING AND MAT BENDING MOMENTS
The preceding discussion indicates that the soil dishing phenomena must be
considered in order to properly predict the soil response. In mat foundation
design, the prediction of mat settlements can be as important as the
prediction of mat bending moments. Ignoring the soil "Dishing Phenomena"
will result in inaccurate predictions of the soil response. If a realistic
attempt is to be made at predicting the mat settlements, soil dishing must be

64

Horvilleur and Patel

considered. In this section of the paper, the effect that "soil dishing" has on
the magnitude of soil pressures and mat design moments is examined.
The iterative procedure described in the previous section, was used to
compute the effective modulus of subgrade reaction within the mat footprint
on both the NCNB and Smith Tower mats. Figure 22 shows the variation of
"K" on the NCNB mat. Note that the "K" values vary from 181 pci at the
center to 548 pci at the mat corners. In the case of Smith Tower, "K"
varied from a low of 24 pci at the mat center to a high of 38 pci at the mat
edges.
Figure 23 shows the effect that the dishing phenomena has on the soil
contact pressures on the NCNB mat. One analysis was conducted using a
uniform "K" of 290 pci. The second analysis was conducted using the
variable "K" values shown on Figure 22. On both analysis, shear
deformations were included. An effective moment of inertia of 0.55 Ig and
the full elastic values of "E" and "G" were used. Long-term effects were
ignored.
Figure 23 indicates that "soil dishing" does not appear to have a significant
effect on soil pressures. The maximum difference in soil pressures is 11 %
and it occurs in a very small area immediately under the heavily loaded
columns at the perimeter of the mat. As before, the soil pressures are
averaged over the full width of the mat.
For this same analysis, Figure 24 shows the moment diagrams for the case
where dishing is considered and the case where dishing is ignored. The
difference is dramatic. The dishing effect reduces positive moments by a
factor of 100% and increases negative moments by 120%. Figure 25, shows
the same moment diagrams as those of Figure 24 with the difference
between the two also plotted for reference. The difference between the two
moment diagrams can be defmed as the "dishing moment". The dishing
phenomena pulls the moment diagram down, reducing positive moments and
increasing negative moments. Figure 26 shows the effect that dishing had
on the Smith Tower mat soil pressures. The maximum soil pressure
variation is 13% and again it occurs at the column locations. Figure 27
shows the dishing effect on bending moments. Dishing in this case reduces
design positive moments by 20% and increases negative moments by 60%.
The dishing moment is also plotted on Figure 27. The NCNB mat moments
appear to be more sensitive to the dishing effect than the Smith mat
moments. This is again, attributed to the fact that the NCNB mat is a much
stiffer mat with a much smaller span to depth ratio.
In summary, it appears that the dishing phenomena has a relatively minor
effect on the soil pressure distribution (± 10%) but it has a significant effect
on the magnitude of mat bending moments. The mat curvature imposed by
dishing always results in tension in the mat bottom fibers and compression
on the top. The net effect is that dishing increases mat negative moments
and reduces mat positive moments. Ignoring the dishing effect in mat design
will result in erroneous bending moments both in the positive and negative
moment regions.
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It follows from the preceding discussion, that the total mat bending moment
at any section is equal to the sum of two very different components, the
"span moment" and the "dishing moment". The span moment is defined as
the moment which results from the mat acting as an inverted flat plate
spanning between the columns. The span moment takes the form of
Mspan = WL2JA, where "W" is the soil pressure, "L" is the mat span or in
this case the column spacing and "A" is a coefficient which depends on the
mat continuity. The sum of the average negative span moment and positive
span moment in any bay is equal to WL2f8. The span moment is only a
function of "W" and "L" and is not very sensitive to changes in the
magnitude of the different structural and soil design parameters.

The dishing moment on the other hand is due to imposed curvature or
deformation. Since the mat derives its support from the soil, the mat
deflected profile must follow the soil settlement profile. The effect that
dishing has on a mat is analogous to the effect that a differential support
settlement has on a fixed ended concrete beam. Because the dishing moment
is due to an imposed deformation, its magnitude is directly proportional to
the mat flexural property EI. If the dishing moment is to be predicted with
any degree of accuracy, realistic values of EI must be used in the mat
analysis. Finally, since the dishing moment is due to an imposed
deformation, it is subject to creep relaxation. The dishing moment creeps
away with time. The concept of creep relaxation is very important, because
overestimation of the dishing moment can be as erroneous as ignoring the
dishing effect. Ignoring the dishing effect will be conservative for positive
moments and unconservative for negative moments. The reverse occurs
when the dishing effect is overestimated. Overestimation of the dishing
moment will be conservative for negative moments and unconservative for
positive moments. It should be clearly understood that only the dishing
moment is subject to creep relaxation. The span moment, of course, cannot
be reduced because of creep.
Adjacent structures can have a significant effect on the behavior and
settlement profile of mat foundations. Figure 28 schematically shows the
mat foundation behavior on a recent project in Houston, Texas. The office
building and garage mat foundations were of comparable size with a
relatively small space between them. An overall dishing effect occurred but
in this case, it translated into a tilt of each mat with very little dishing taking
place within the individual mat footprints. Ignoring this combined behavior
would result not only in erroneous settlement predictions but also erroneous
bending moments in both mats.
CREEP RELAXATION

Structural Engineers are very familiar with the concept of long-term
deflections of concrete members. This concept is schematically shown on
the simple beam of Figure 29. If a load "P" is applied on the beam at time
ti, the beam deflects an amount oi, and then, under constant load, the
deflection continues to increase with time until it reaches a maximum value.
For a constant applied load, the beam deflection increases with time. Take
now the same simple beam but this time, instead of applying a constant load,
Figure 30 shows the relationship between the
apply a constant deflection

o.
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beam midspan moment and time. At time ti the beam is deflected an amount
5 and the magnitude of the midspan moment is Mi. If the beam deflection is
kept constant, the beam midspan moment will reduce with time until it
reaches a residual value Mr. It can then be stated that, for a constant
beam moments reduce with time. The same way that the simple beam
moment relaxes with time, the mat dishing moment relaxes with time.

o,

Equation (5), adapted from Ref. (3), shows the relationship between the
residual moment and time after application of the initial deformation.
Mt = M·1 · (1 - ___yt_)
l+Vt

(Eq. 5)

and
0.60
Vt = ( t
)
10+t0.60

· Vu

(Eq. 6)

where
Mt:
Mi:
t:
Vt:
Vu:

Residual Moment at Time "t"
Initial Elastic Moment due to Imposed Deformation
Time after imposed deformation, days.
Creep Coefficient at Time "t".
Ultimate Creep Coefficient.

Reference (3) suggests that in the absence of specific creep data for local
aggregates and conditions, the value of the ultimate specific creep be taken
as:
Vu = 2.35 Cc

(Eq. 7)

Where Cc is the product of several factors which among other things include
the effects of age at loading, ambient relative humidity, volume to surface
ratio, slump, fine aggregate percentage, cement content, air content and the
amount of compression steel. Unless a more detailed analysis is conducted,
the ultimate specific creep value can be approximated as:
Vu = 1.50 · Cla

(Eq. 8)

Cla is the creep correction factor for age at loading given by the following
expression:
Cla

=

1.25 (tla)-0.118

(Eq. 9)

Where tla is the age at loading. Note that Cia is equal to 1.0 when tla is
equal to 7 days.
In actual buildings, the total mat dishing settlement takes place over a long
period of time. On a fifty story building, the total dead load dishing
settlement will take place in fifty increments, with each increment being due
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to the weight of each floor. If elastic response is assumed, each floor of the
hypothetical fifty story structure will contribute 2% of the total dishing
settlement and thus 2% of the total dishing moment. It is not only of
interest to know the magnitude of the residual dishing moment at time
infinity but it is also of interest to know the magnitude of the dishing
moment at any time "t" after the start of construction. This can be done by
making use of the principle of superposition of creep which states that:

Strains produced in concrete at any time by a stress increment are
independent of the effects of any stress applied either earlier or later. It
follows that for our case: Stresses produced in concrete at any time by a
strain increment are independent of the effects of any strain applied either
earlier or later.
For simplicity, assume that the 50 story structure of Figure 31 is built in five
10 story increments. The first 10 story segment is built when the mat is 70
days old, the second 10 story segment is built when the mat is 140 days old
and so on as shown in the figure. The dishing moment due to each
construction stage is equal to 20% of the total. Figure 32 shows in tabular
form the magnitude of the dishing moment at any construction stage as well
as the ultimate residual value at time infinity. The value of the ultimate
creep coefficient Vu for each construction stage calculated using Eq. (8) is
shown on the table. Vu is different for each construction stage because it is
a function of the age of the mat at loading. At construction stage 1, the first
10 floor segment is built and the dishing moment is 20% of the total. At
construction stage 2, the second 10 floor segment is built resulting in an
additional20% increase in moment. Note that at this time, the residual
moment due to the first 10 floor segment is only 12.2%. In the 70 day time
period between T1 and T2, the dishing moment due to construction stage 1
reduced from 20% to only 12.2%. The residual moment was computed
using Eq. (5). The total dishing moment at time T2 is equal to 32.2%. The
last column on the right side of the table, shows the total magnitude of the
dishing moment at any time during construction. Since a good portion of
the dishing moments creeps away during construction, the dishing moment
never reaches its full elastic value of 100%. The maximum value in this
example is 67.3% when the building is topped out. The moment continues
to creep away after top out and time infinity it is only 49.9% of its full
elastic value. Figure 33 graphically shows the same information contained
in the table of Figure 32. The magnitude of the full elastic dishing moment
(the moment that would occur with no creep relaxation), is also shown for
reference.
In practical analysis and design of mats, it is not necessary to go through the
above creep relaxation computations. Since the dishing moment is directly
proportional to EI, its net residual value can be obtained directly from
analysis if the elastic concrete modulus of elasticity Ec is replaced with an
effective modulus of elasticity Ee as follows:
Ee=

Ec
(l+Vu)

(Eq. 10)
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Similarly, the elastic shear modulus Gc can be replaced by an effective shear
modulus Ge as follows:
Ge

=

Gc
(1+Vu)

(Eq. 11)

It should be understood that the only reason that it is acceptable to design for
the residual dishing moment is that mat dishing takes place over a relatively
long period of time. This is even more so for soils such as clays, which
exhibit time dependent response. The portion of the dishing moment due to
transient loads may not be relaxed.

MAT INTERACTION WITH SUPERSTRUCTURE
It has been shown that dishing can have a major impact on the magnitude of
mat bending moments. In some cases, the stiffness of the superstructure will
inhibit or at least locally inhibit mat dishing. Core shear walls for example
will prevent dishing from taking place over their length. In many instances,
the edge of the mat coincides with the limits of the basement, and multistory
deep basement walls are constructed along the mat edges. The in plane
bending stiffness of basement walls is very large and will also prevent
dishing from taking place. It is recommended that shear walls and basement
walls be modeled in the finite element analysis as infinitely rigid bending
elements.

Structural steel or reinforced concrete perimeter tube buildings, because of
their relatively large in plane stiffness also reduce dishing. It is
recommended that tube frames be modeled as shear beams. Shear beams are
beams with a large moment of inertia and a finite shear area. The shear area
of the shear beam should model the shear stiffness of the shear membrane
created by the tubular beam column assembly. The loss of efficiency due to
the axial flexibility of frame columns must be considered in the
determination of the shear beam stiffness. Figure 35 shows the results of a
plane frame analysis of two adjacent bays in a 50 story tubular structure.
Beams and columns are 2'-0"x3'-0" spaced at 10' o.c. with concrete strength
of 5,000 psi. The central column support was forced to settle 1" at the
foundation level. Because of the axial flexibility of the columns, the
maximum beam shear occurs in the lowest levels and rapidly reduces in the
upper levels. At level 7 the beam shear is 10% of that in beams at level l.
The beam shear at level 12 and all levels above level 12 is negligible. This
effect must be considered in modeling shear beams in mat analysis. Because
of the axial flexibility of the columns, the shear stiffness of the entire
building is not mobilized. It appears that only the lower levels contribute
significantly to the shear stiffness.
In reinforced concrete frames, long-term and cracking effects should be
considered in the determination of the equivalent beam shear area. For
structural loads, cracked flexural beam and column properties and longterm
values of the concrete modulus of elasticity and shear modulus should be
used in the determination of the tube frame stiffness. The equivalent beam
shear area is specifically a function of the beam and column spans, beam and
column moments of inertia, beam and column shear areas and panel zone
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deformation. The stiffness of conventional beam column frames with 30 to
40 ft. spans is relatively small and can be safely ignored in the mat finite
element model.
MAT DIFFERENTIAL SETTLEMENT EFFECTS ON STRUCTURE

Mat differential settlements of the order of 2 to 3 inches are common on
high-rise buildings in the Houston area. These differential settlements occur
between the core and perimeter columns. The floor beams which span from
the core to the perimeter, if rigidly connected at their ends, must be designed
for the moments resulting from the differential settlement. Because this
settlement differential occurs over a long period of time, and because of
creep relaxation, concrete beams may be designed for only 50% of the
elastic moment. Steel beams must be designed for the full elastic moment.
This concept is schematically shown in Figure 34. It should also be noted
that a beam at any level needs to be designed only for the portion of the
differential settlement that takes place after that particular level is built. The
differential settlement effect is more critical on beams in the lower levels of
the building.
If differential settlement is not compensated during construction, the building
floors will not be level. In steel structures compensation has been achieved
by varying the thickness of the grout under base plates. In concrete
buildings, the floor forms are tilted and the slab cast in a tilted position.
The mat differential settlement adds to the differential column shortening
problem in tall buildings and should always be carefully considered in
design.
NEED FOR DUCTILITY

In response to the above parametric study results, which indicate that the mat
bending moments are very sensitive to design assumptions, and with due
consideration of the limitations of both the Structural and Geotechnical
Engineers in being able to accurately predict the magnitude of the design
parameters, it is recommended that ductility be built into mat foundations.
Ductility will allow the mat to redistribute excess negative bending moments
to the positive moment regions or vice versa. In the case of mat
foundations, concrete compression failure due to overreinforcement is
seldom a problem. Ductility in this case means to provide enough flexural
reinforcement to insure that the ultimate moment capacity of the reinforced
concrete section is larger than the cracking moment capacity of the
unreinforced section. If a factor of safety of 1.50 is used (approximately
equal to ratio of ultimate load and service load), the minimum reinforcement
steel percentage for different values of f'c can be calculated as follows:
Mn = 1.50Mcr
Mn = As·fy (d-a/2)
Mer = 7.5 .jf'c · bh2f6
assuming d = 0.95h and (d-a/2)
pmin = As = 3.64 x I0-5 .jf'c
bd

= 0.95d
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The minimum reinforcement ratio for different values of f'c are summarized
below:
f'c (I!si)

pmin

3000
4000
5000
6000

0.0020
0.0023
0.0026
0.0028

It is suggested that this minimum reinforcement ratio be used at points of
maximum positive and negative moments. Note that it is not necessary nor
recommended to use the above minimum ratios at all locations in the mat.
The purpose of this minimum reinforcement is to avoid a potential brittle
tension failure in the mat.
REINFORCING STEEL DETAILING

Reinforcing steel layout should be kept simple to facilitate field placement.
In general, a continuous mat of top and bottom reinforcement in both
directions should be provided at 18" centers to satisfy minimum shrinkage
and temperature requirements. Additional reinforcement is provided at
locations of maximum positive and negative moments to satisfy flexural
demands. The drawings should show location and length of lap splices as
well as reinforcement placement sequence where more than one layer is
used. Particular attention should be given to location of flexural steel cut off
points. ACI 318 Section 12.10.3 requires that reinforcement be extended a
distance "d" beyond the point where it is no longer required. Because of the
relatively large thickness of mats, this provision becomes very critical.
SUMMARY OF DESIGN RECOMMENDATIONS

The following recommendations are suggested as minimum requirements in
order to conduct a proper mat subgrade interaction analysis:
1.

The mat shall be analyzed using the finite element method. The "rigid
method" should be used only for preliminary design.

2.

The mat analysis should be conducted at ultimate load levels. This is
particularly important when ultimate loads produce partial mat uplift.

3.

Use the Effective Moment of Inertia in analysis. Jeff may be
computed using ACI 318 Eq. 9-7. The concrete section Gross
Moment of Inertia should not be used.

4.

If possible, include shear deformations in analysis. Eventhough

"Bending Only" elements appear to provide satisfactory results, their
use overestimates the mat stiffness and is thus not recommended.
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5.

Use appropriate values of the concrete modulus of elasticity for
different load conditions. For sustained loads use Ee = Ec/(1 + Vu)
which can be approximated as Ec/2. For transient and dynamic loads
use the full elastic value of Ec.

6.

Similarly, use Ge = Gc/(1 + Vu) or Ge = Gc/2 for sustained loads.
For transient loads use the full elastic value of Gc.

7.

Consider the time dependent behavior of soil in the determination of
the Modulus of Subgrade Reaction, "K". For soils which exhibit time
dependent behavior, lower "K" values are appropriate for sustained
loads with higher values used for the transient or dynamic loads.

8.

Consider the "dishing phenomena" not only in the prediction of mat
settlements but also in the structural design of the mat. Do not use a
uniform modulus of subgrade reaction. Use a variable modulus of
subgrade reaction within the mat footprint.

9.

Include the effect that adjacent structures may have on the mat
response.

10.

The stiffening effect of the superstructure should be considered in
design. Model shear walls and basement walls as stiff bending
elements. Model tubular frames as shear beams.

11.

Design structural members for stresses resulting from differential mat
settlements. Compensate for these differentials as required to achieve
level floors.

12.

Provide flexural ductility at locations of maximum positive and
negative moments. The purpose of this recommendation is to avoid a
possible brittle tension failure in case of an overload.

13.

Consideration should be given to testing the mat bending moment
sensitivity to the different structural and geotechnical parameters
during the design stage. Depending on the Structural and Geotechnical
Engineers confidence in the accuracy with which the design parameters
can be predicted, it may be advisable to design the mat for a moment
envelope. This approach was used in the design of the NCNB mat.

14.

Finally, it is recognized that the successful design of complex mat
foundations, requires a very intense collaboration of both the Structural
and Geotechnical Engineers. The structural safety and performance of
mat foundations is very much a function of parameters provided by the
Geotechnical Engineer. It is recommended that every major project
involving mat foundations be instrumented during construction and if
possible, thereafter, to provide design professionals with valuable soil
response information. It is only through comparisons between
computer analysis results and actual measured behavior that both the
Structural and Geotechnical Engineers will be able to improve their
mathematical models and their prediction of the true interaction
between reinforced concrete mat foundations and the subgrade.
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Subgrode Reaction in
Mot Foundation Design
by E. J. Ulrich, Jr.

Often an apparently compatible relationship between mat and soil deteriorates
due to the plague of construction details and the design-construction relationship.
Subgrade reaction is reviewed in four case studies of four landmark buildings in
Houston. Concepts related to mat foundation analysis using the finite element method will acquaint the practitioner with the related soil-structure interaction concepts.
An examination of structural considerations in connection with mat foundation design is furnished by others.

Keywords: Bearing capacity; finite element method; mat foundations;
settlement (structural); subgrades
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ACI member Edward J. Ulrich, Jr., is a principal engineer of Ulrich Engineers,
Inc., Houston, Texas. He has over 20 years experience in geotechnical engineering
related to industrial, power, and commercial facilities and has directed the geotechnical services for some of the world's tallest soil-supported buildings. He is past
chairman of ACI Committee 336, Combined Footings and Pier Foundations, and a
member of Committee 543, Concrete Piles.

A long time ago, before man became enlightened as to the scientific mysteries of
the earth, the wise and foolish builders were identified: " ... a wise man built his
house on the rock. When the rains came down, the streams rose, and the winds blew
... , yet it did not fall because it had its foundation on the rock ... a foolish man
built his house on sand. The rain came down, the streams rose, and the winds blew
... and it fell with a g"eat crash." (Matthew, chapter 7).
As man gained knowledge and expertise, wisdom seemed to degenerate, and man
began to build where ever a need arose, often on sand or "soil." As a result, today
we have the mat foundation and its relationship with the soil, a relationship as complex and unpredictable as that between a man and woman. Often an apparently
compatible relationship between mat and soil deteriorates due to the ever-present
plague of construction details and the design-construction relationship. 1
Subgrade reaction, the most important variable in designing mat foundations, is
reviewed in four accompanying case studies of four landmark buildings in Houston.
Broad concepts related to mat foundation analysis using the finite element method
will acquaint the practitioner with the related salient soil-structure interaction concepts. A comprehensive examination of structural considerations in connection
with mat foundation design is furnished by others. 2•3
Using an individual, uniform coefficient of sub grade reaction will allow analysis
of mat foundations; however, a uniform modulus of subgrade reaction as the soil
model often is not rational and will mislead the designer.

Past structural practice
In the past, analyzing mat foundations included two major simplifying assumptions, an infinitely rigid mat and one-way bending.4 For very stiff mats with symmetrical geometry and loading, these assumptions may not introduce serious error.
Assuming an infinitely rigid mat allows determination of a bearing pressure distribution by simple statics, which ignores the high pressure concentrations in the load
application areas and the low pressure concentrations in areas distant from the load
applications. The second assumption provides for the mat behavior to be approximated by a one-way, rather than a two-way, bending analysis.
Two analysis methods used to address the limitations and errors of these simplifying assumptions are the successive approximations method and the method of finite differences. These are extremely tedious and cumbersome procedures that do
not lend themselves to an efficient general computer implementation. The successive approximations method addresses the mat flexibility relative to the bearing
strata but does not include analyses for two-way bending. The method of finite differences appears to adequately address mat rigidity and two-way bending.
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Finite element method
The finite element method (FEM) is easily implemented in a generalized computer code and eliminates the need for oversimplification. Some needed capabilities
offered by FEM which provide a more realistic analytical model are:
• consideration of two-way bending
• comprehensive mat and bearing stratum interaction using the beam-an-elastic
foundation concept
• unusual and complex mat shapes
• mats of significant thickness differences
• mats accepting large moments and axial forces from laterally loaded shear
walls or frames
• mats in which structure rigidity affects mat behavior and stress distribution
Although most engineers are aware of FEM, the method has not enjoyed widespread use. But due to the major advances in microcomputer technology of the mid1980s, which have made vast computer capabilities available and affordable to
most users, FEM will be used increasingly on most projects requiring mat foundations.

FEM analysis details and assumptions
An FEM analysis is based on the theory of flat-plate bending with the mat supported by the soil. The soil is modeled as a dense liquid using Winkler springs. The
mat is modeled as a mesh of discrete elements interconnected at the node points,
and the Winkler springs are used as the soil-response model at each node. Some basic assumptions made using FEM include:
• the mat acts as an anisotropic or, isotropic, homogeneous, elastic solid in
equilibrium
• the subgrade reactions are vertical vectors and are proportional to the
deflection of the node
• the subgrade reaction is equal to the spring constant at a node multiplied by the
deflection of that node
Types of FEM solutions available for mat analysis along with the assumptions,
advantages, and disadvantages are summarized in Reference 2. The most important
variable in analyzing a mat foundation is the subgrade response. 3 But even with the
most superior soil mechanics theories and computer analyses, subtle construction
details, the design-construction relationship, and low-quality construction can ruin
the design.

FEM analysis results
Results of a mat analysis using FEM may be divided into three groups: deflections, bending moments, and subgrade reactions. The deflections are computed at
each node based on the interaction of the loading mat-soil system. Three moments
may be reported at each stress reporting point. These may consist of the bending
moments per unit length, in a direction parallel and perpendicular to the x-axis, and
the twisting or torsional moment.
The mat support reaction output presents the reactions at each of the boundary
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conditions defined for the analysis. These reactions may be used to determine applied contact pressures at the mat base by dividing the reaction force by the contributory surface area of the mat at each node. Some FEM analysis programs include a
subroutine that performs the computation so that the support reaction is furnished
as a contact pressure.

Subgrade Response Model
Theory of subgrade reaction
Unlike a simple supported beam, the mat foundation obtains its support from the
earth. Although the earth may be in contact with the entire mat foundation, the response characteristics needed to analyze mat foundations properly are not available
with the degree of precision that exists for simple beams with known material properties.
The theory of subgrade reaction 5 is available to obtain approximate solutions in
analyzing mat foundations. Winkler introduced the concept of subgrade reaction
into applied mechanics in 1867, and the concept was expanded in subsequent years
to include the computation of the stresses in such flexible foundations as continuous
footings or mats. To get reasonably accurate results, the coefficients of subgrade reaction - spring constants - must be compatible with the deformation characteristics of the subgrade, loaded area characteristics, and the loading characteristics.
An individual, uniform coefficient of subgrade reaction has been used to analyze
mat foundations, although using an individual value is not rational. The actual subgrade response from mat foundations leads to mat deflections and contact pressures
that result in nonuniform coefficients of subgrade reaction. Differences in a uniform
coefficient of subgrade reaction may have little effect on computed bending moments, but varying values of the coefficient of sub grade reaction across a mat foundation area can have a major impact on computed bending moments and reinforcing
steel requirements.
The theory of subgrade reaction is based on two simplifying assumptions: 5•6
• the subgrade obeys Hooke's law; the ratio k between the contact pressure p
and the corresponding displacement y is independent of the pressure
• the subgrade reaction on the base of a rigid, centrally loaded plate resting on
the horizontal surface of the subgrade has the same value at every point of the
base; the coefficient of vertical subgrade reaction k has the same value for every point on the surface acted upon by the contact pressure
The coefficient of subgrade reaction k8 is the ratio between this pressure at any given point on the surface of contact and the subgrade deformation y produced by the
load application at that point. The coefficient of subgrade reaction may be expressed by the equation
k8 =ply
The fundamental principles of the theory are illustrated by Fig. 1, but the illustration indicates that the mat deflection is equal to the total subgrade movement. The
vertical subgrade movement that occurs as the mat deflects may often be only part
of the total subgrade deflection during the operating life of a structure. The theoret-
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ical value of the coefficient of sub grade reaction is affected by a number of factors 5
including foundation size, shape, depth, and subsurface conditions, and character of
load application.

Bearing capacity
The foundation pressures must first be compatible with the subsurface bearing
capacity to apply the theory of subgrade reaction in analyzing a mat foundation.
Constant ratios exist between stresses and strains according to elastic theory. But
for elastic theory to have some degree of applicability in analyzing a mat foundation, the real requirement is not that the subsurface material necessarily be elastic,
but that constant ratios must exist between stresses and corresponding strains. 7
General, local, and punching shear considerations should be examined in the
bearing capacity analysis. Local bearing capacity considerations may not be significant for mat foundations in deep excavations where the excavation wall is at the
mat edge, such as in the Enron Building. General, local, and punching shear considerations may be very critical on projects where the stratigraphy incorporates major
differences in strength, or on projects where the excavation wall does not extend to
the mat edge, such as in Texas Commerce Tower, First RepublicBank Center, and
Transco Tower. Only three garage basement levels were permitted for Texas Commerce Tower to satisfy bearing capacity requirements.
The compatibility of the foundation pressures and bearing capacity is usually examined by applying a factor of safety to the ultimate bearing capacity to obtain allowable values for mat sizing and structural analysis. The acceptable magnitude of
the factor of safety will vary and depend on such factors as the load application,
loading character, analysis method, soil stress-strain properties, and soil strength.
The most elusive parameters in the bearing capacity analysis are the soil stressstrain properties and strength. Requiring a factor of safety equal to at least 3 is not
rational. A factor of safety of 3 may be equivalent to a factor of safety of 1.5, depending on the geotechnical engineer's interpretation of the soil stress-strain properties and strength.
Settlement
The theory of subgrade reaction simplifies the subgrade response model to allow
analysis of the mat foundation; however, coefficients of subgrade reaction computed by classical methods are not reliable in computing mat settlement for long- or
short-term load apflications with large mat foundations. Experience with tall building foundations 8· 1 •17 has shown that the subgrade response from long-term loading
conditions (fixed loads plus sustained live loads) often may impose more severe
bending moments on a mat foundation than may be computed using values determined by the theory of subgrade reaction. Cyclic load applications, such as from
wind, may be associated with relatively high coefficients of subgrade reactions,
while sustained load applications may be compatible with very low coefficients.
For an individual mat foundation analysis, values of the coefficient of subgrade reaction on a given project have been found to differ by more than a factor of ten, depending on the loading conditions and subgrade characteristics.
In designing a mat foundation, the complete subgrade response problem often ex-
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tends beyond the analysis to compute mat deflections. Predictions of long-term mat
movement and movement of foundations outside of the mat frequently are vital objectives of the geotechnical engineer. Since the mat deflections may be only part of
the long-term movements, consideration of the sub grade behavior related to time is
important.
For analyses involving tall buildings, the long-term movement predictions additionally allow (1) evaluation of beam-column connections based on differential
movement between columns on the mat; (2) evaluation of differential movement
between columns on the mat and columns supported by foundations outside of the
mat; and, (3) assistance in designing architectural finishes which, from the writer's
limited experience, has often provided the most severe foundation design criteria
for buildings.

Traditional soil response prediction to compute mat deflections
In association with the mat analysis using a selected coefficient of subgrade reaction, mat settlement was computed for short-term and sustained loading conditions by assuming the net soil pressure is distributed uniformly over the base of the
mat. The settlement values were then compared with mat deflection values computed with the constant coefficient of subgrade reaction and adjustments were made in
the mat stiffness and subgrade reaction coefficients to obtain mat deflections that
were compatible to the settlement predictions or the structural engineer's interpretation of the settlement predictions.
The long-term subgrade response characteristics make using a constant coefficient of subgrade reaction too simplifying an assumption. The coefficient of subgrade reaction is not constant for a mat foundation and may vary considerably
across the mat. Small differences in coefficients of subgrade reaction across a mat
may result in only small differences in deflection, but the computed bending movements can vary by 20 or 30 percent for deflection differences of a few tenths of an
inch.
Discrete area method
The need to provide a more rational analysis of subgrade response led to the discrete area method, 9 •11 which allows the geotechnical engineer to properly model the
subgrade response for each system of mat contact pressures determined by the selected loading condition and to furnish coefficients of subgrade reaction for each
system of contact pressures in the analysis.
After general, local, and punching shear bearing capacity analyses indicate an acceptable bearing pressure and the mat thickness is proportioned to satisfy the
punching shear provisions of the ACI Building Code, the mat analysis continues using the finite element method. The analysis follows an interactive procedure in
which the computed mat deflections are compared to the subgrade deflection computed by the geotechnical engineer (Fig. 2) for the loading conditions and loads that
will be imposed upon the mat. A range of loading conditions may be analyzed with
this method.
The discrete area method procedures used in analyzing mat foundations follow.
1. For the loading condition that is to be analyzed, the geotechnical engineer pro-
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duces a single coefficient of subgrade reaction, modified according to Terzaghi 3
and Teng 6 and adjusted by judgment, to allow the first analysis of the mat using the
finite element method.
2. The output, consisting of deflections and contact pressures is then idealized
into small discrete areas of equal contact pressures by the geotechnical and structural engineers. Some finite element programs include subroutines that convert
loads at the nodes to pressures and then generate contours of equal contact pressure.
Small discrete areas are preferred over large areas.
3. After the mat is idealized into small discrete areas, the geotechnical engineer
computes the subgrade response for the idealized system of loaded areas.
4. The subgrade response is compared to the mat deflections for compatibility. If
compatibility does not exist, new coefficients of subgrade reaction are computed
based on the contact pressures and new individual soil responses.
5. The mat analysis is again performed using the new coefficients of subgrade reaction. New contact pressures and deflections are given and the mat is again divided
into areas of equal contact pressures. The geometry of these new areas may be different from those used in the first iteration.
6. The sub grade response is again computed and compared for compatibility with
the mat deflections.
7. The procedure continues until deflection compatibility is achieved.
Deflection compatibility may be achieved by three iterations. Although at least
two loading conditions should be analyzed - total (fixed load + live load + wind
load) and sustained (fixed load+ sustained live load), the critical loading conditions
will de~end on the project. Analyses and performance of building foundations8·9· 1•17 have shown that the more severe loading conditions may be from fixed
and sustained loads instead of from the total applied loads. Coefficients of sub grade
reaction computed using the discrete area method may differ by a factor of ten, depending on the subsurface characteristics and loading conditions. This range will
significantly influence the mat design.
The subgrade response analysis techniques may be based on elastic theory, elastic-plastic theory (consolidation), FEM, or a combination of each theory. The soil
response computation selected will depend on the loading conditions to be analyzed, subsurface conditions, and local experience of the geotechnical engineer.
Some available computer programs for subgrade response have methods of computing stress increases due to a rectangular, uniformly distributed loaded area at or
below the ground surface using the distribution theories of Boussinesq, Mindlin,
Westergaard and below grade (Westergaard). 7 •12 •13

Limitations
Predictions of subgrade response are estimates at best. Mat analysis is subject to
significant limitations in spite of the advances in computer technology of the 1980s.
Though not often admitted, the degree of confidence in predicting load transmitted
to the mat decreases dramatically as the structure becomes larger and more complex. The subgrade response model and parameters are not precise and are an idealization of a material that has inherent variability that challenges the most
sophisticated models.
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The methods used to analyze the subgrade response model require the results of
well instrumented performance studies of major structures and nearly flawless
knowledge of subsurface conditions to predict the subgrade response with a high
degree of confidence. The natural point-to-point variability of the subsurface conditions, though a cliche', is real and magnifies the uncertainty of the subgrade response model. The design-construction relationship and construction details are
probably the most important limitation to an accurate mat analysis. Poor construction methods can ruin the results of the most sophisticated analyses.

Case studies
The accompanying case studies of four Houston landmark buildings offer additional insight into the sub grade response part of the mat analysis. The discrete area
method was used in each building foundation design except the 75-story Texas
Commerce Tower. Although short- and long-term loading conditions were considered in each mat analysis, only the subgrade analysis results for the long-term loading conditions are presented because the long-term loads were found to impose the
more severe design requirements after determining the mat thickness. Subsurface
conditions at the sites are overconsolidated clays and sands having characteristics
similar to those given in Fig. 3.

Conclusions
Using a uniform coefficient of subgrade reaction to analyze and design mat foundations is an oversimplification of the soil response and will lead to wrong designs.
The coefficient of subgrade reaction may vary considerably across a mat. After
analysis of bearing capacity, the discrete area method should be used to model matsoil interaction. Accurate predictions of the subgrade response remain the fundamental, but elusive, element of the mat analysis.
Innovative design to reduce costs and coupled with increased risks are mandated
to the design team; but in spite of the leaps in computer technology the subgrade
response prediction is an estimate at best for large mat foundations with complicated loading conditions. Although the discrete area method is available to allow the
mat analysis to properly model subgrade response for the effects of complicated
mat loading on the subgrade, the subgrade model and parameters contain imperfections that only can be improved through more rigorous construction observations
with comprehensive measurements of the mat and subgrade behavior.
The mat foundation relationship with the subgrade is complex. Construction details and the design-construction relationship offer perhaps the most severe limitations on perfecting the subgrade response model. Comprehensive systems of observations and measurements are needed by the design team during below-ground construction to evaluate the as-designed foundations and to make adjustments. Inadequate construction quality control and inadequate observations with unsatisfactory
measurements continue to cause unsuitable mat performance.
We must become wise builders if we are to "build the house upon the sand."
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ENRON Building
The ENRON Building is a 52-story, 1,440,000 ft 2 (133,920-m2 ) structure. The
tower mat is located at a depth varying from 36.75 to 46.50 ft (10.9 to 14.19 m) below street level (Fig. 2). The structural analysis and design process are well documented.16
Foundation system - The mat foundation approximates the plan shape of the
tower and has an overall length of approximately 300ft (91.4 m) and a width varying from 150 to 154ft (45.7 to 47 m) (Fig. 1). The mat extends about 25ft beyond
the exterior columns. Mat thickness varies from a basic dimension of 8.5 ft (2.59
m) to 19.25 ft (5.87 m) at the service elevator pit areas. The mat foundation, cast in
what is reported to be the largest single mat placement ever, contains 13,308 yd 3
(10,180 m3) of concrete. Careful attention was given to monitoring/limiting the
concrete temperature during the placement and to making sufficient provisions with
steel reinforcement for resisting shrinkage/temperature crack.ing. 15
An intricate array of rebar trusses were installed below all column locations having significant wind uplift forces. Very careful detailing was used to minimize local
flexing of the mat. The goal of forcing the mat to move and tip as a monolithic element when subjected to wind loads was accomplished. 16
Predicted and observed mat deflections - Gross computed mat contact pressures at the final iteration using the discrete area method are given in Fig. 2. Predicted and observed mat deflections are presented in Fig. 3. Mat deflections were
computed to range from about 6 in. (15 em) at the building interior to nearly 4 in.
(10 em) along the exterior column line. The observed mat deflections are substantially less than those predicted (Fig. 3).
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Transco Tower
Located in the essentially suburban complex around the Galleria, 10 miles (16
km) west of the Houston Central Business District, Transco Tower is the tallest
building outside of a central business district in the United States. At 64 stories, the
building is 901 ft (275m) high and has multiple setbacks at 15ft (4.6 m) intervals.
The structure is approximately square in plan, and has a steel frame with an exterior
tubular design. The exterior columns are placed at 15ft (4.6 m) on center. The corner columns were excluded so that the spandrel beams run on the diagonal to reduce
shear-lag. A parking garage connects to the tower's west side above and below
ground by bridge and a vehicle service tunnel.
Foundation system- The building rests upon an 8ft (2.4 m) thick mat approximately 200ft (70 m) square with a basement that extends beyond the mat (Fig. 1).
The bottom of the mat is 37 ft ( 11.3 m) below the surrounding ground surface. Design wind loads are believed to create an overturning moment of about 3 x 106 kipft (414,674 Mg-m).
Predicted and observed mat deflections- The Transco Tower foundation plan
with column locations on the mat and basement wall is given in Fig. I. Areas of
computed equal gross sustained contact pressures developed in the final iteration of
the mat analysis using the discrete area method are shown in Fig. 2. Predicted and
observed mat deflections are presented in Fig. 3. The predicted mat deflections suggest the mat should dish downward at the center and tilt toward the east. The observed mat deflections indicate mat deflections similar to those predicted, but the
observed mat deflections have only been part of the total observed mat settlement.
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Texas Commerce Tower
Texas Commerce Tower is Houston's tallest building at 75 stories and was the
world's tallest soil-supported building when completed in 1981. The building still
is believed to be the tallest composite building in the world. 14 •17
Shown in profile and plan in Fig. 1, the building consists of a tower with a lightly
loaded attached parking garage and covers a full block in the Houston Central Business District, about 260 ft 2 (79 m2 ). There are four basement levels within the tower
area and three levels in the garage outside the tower. Although the tower's lowest
floor level extended to about 53ft (16.2 m) deep, the parkinf garage level was limited to 41 ft (12.5 m). The building measures 160 ft 2 (48.8 m ) in plan, with one corner having a large chamfer at a 45-deg angle to create a fifth side that is an 84-ft
(25.6-m) column-free span of steel girders and dual-pane glass.
Foundation system- The tower is founded on a concrete mat 9 ft-9 in. (3 m)
thick that extends 27 ft-6 in. (8.4 m) beyond the exterior columns (Fig. 2). The bottom of the mat is 63 ft (19.2 m) below ground floor level, making the mat excavation the deepest in Houston's history at the time of construction. Dewatering was
required to provide a dry excavation and for the operating life of the building. A detailed presentation of the structural system details and features is given by
Banavalkar14 and Ulrich. 15
The sustained foundation pressures used in predicting mat deflection are given in

110

Ulrich

Fig. 2. A uniform gross pressure of 9420 psf (450 !cPa) was used to compute mat
deflections for sustained loading conditions. The influences of individual foundations supporting the garage were considered using the pressures shown in Fig. 2.
Predictions and observed mat deflections - Predicted and observed mat deflections are presented in Fig. 3. Predicted mat deflections ranged from about 3.5
in. (9 em) along the exterior columns to almost 5 in. (13 em) near the shearwalls.
The observed mat deflections related to angular rotation between the columns at the
northwest comer and shearwall are computed to be about 11150. Observations indicated the mat deflections were about 2 in. (5 em) near the exterior columns (Fig. 3),
but close to 5 in. ( 13 em) near the shearwalls. Observed mat deflections amounted
to only part of the settlement under long-term loading conditions.
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First RepublicBank Center
First RepublicBank Center occupies a Houston Central Business District block.
The development consists of two major structures: a 12-story atrium banking hall
125 ft (38 m) tall on the east half of the city block, part of which envelops the existing Western Union communications center, and a 56-story, 777-ft (252-m) stairstepped office tower occupying the remaining half block (Fig. I). Both the banking
hall and tower have basements that extend four stories-48ft (14.6 m) below street
level and 38ft (11.6 m) below the Western Union building foundations. The design
and construction concepts including the existing Western Union building are shown
in Fig. I. Structural features of First RepublicBank Center are reported in Reference
9. Generalized total applied loads to each mat segment are given in Fig. 2.
Foundation system - The tower is supported by an 8 ft thick (2.4 m) concrete
mat extending about 55ft (16.8 m) below street level. The banking hall rests upon
spread footings at about 50ft (15.2 m) depth in the parking garage, and a line of 48
in. (121.9 em) diameter drilled piers which form the north basement wall at the
Western Union building; one bank hall column rests on the northeast corner of the
mat, and one column rests upon a pair of belled piers with 13ft (4 m) diameter bells.
The northeast corner of the Western Union building was eliminated, and structural
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elements supporting walls, floors, and roofs were permanently shored with an independent foundation system.
Predicted and observed mat deflection - The gross mat contact pressures for
the sustained loading condition developed in the final iteration using the discrete
area method are given in Fig. 3. The building weight is less than the weight of soil
removed. Contours of pressure decrease are shown in Fig. 3 to present an interpretation of the stress changes on the soil for a section that included the bank hall.
Values of predicted and observed mat deflections are given in Fig. 4, along with
profiles of the predicted deflections. The values of movement shown for the bank
hall foundations are presented only to offer an example of the influence the lightly
loaded structure may have on the predicted mat deflections.
Observed mat deflections were less than those predicted. Predicted mat deflections ranged from a few tenths of an inch (2 to 5 mm) to over 2 in. (5 em), depending
on the location and calculated pressure distribution.

(a.)

COMPLETED STRUCTURE

Fig. 1-First RepublicBonk Center views
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Subgrode Modeling for Mot
Foundations: A Review and Critique
of Analytical Methods
by J. S. Horvath

Synopsis: Two mat foundations supporting buildings were analyzed
using traditional methods for modeling soil subgrades as well as
more-recently developed ones. The primary purpose of this was to
evaluate the relative and absolute accuracy of subgrade models that
can be used in routine practice. The results indicate that the some
of the newer methods consistently provide significantly better
agreement between calculated and observed behavior compared to
traditional ones. In addition, determination of the appropriate
subgrade parameters is more rational with the newer methods. With
current computer analysis capabilities, there is no reason to
continue use of traditional methods that were reasonable
alternatives when only manual calculations could be performed.
Detailed recommendations for modeling subgrades in practice are
presented with consideration given to the capabilities of
commercially available structural analysis computer software. Other
factors that influence mat behavior, such as superstructure
interaction effects, are also discussed.

Keywords: Foundations; mat foundations; models; soil mechanics;
structural analysis; subgrades; superstructures
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INTRODUCTION
This paper presents a review and critique of mathematical
mode 1s that can be used for soi 1 subgrades when analyzing mat
(raft) foundations. Only subgrade models that might realistically
be used in routine practice are considered in detail, although
other potential models are noted. This critique is based on both
previously published theoretical studies and re-analysis of two
case histories.
The purpose of this paper is to assist engineers in
evaluating the relative and absolute accuracy of various subgrade
models so that they can rationally select one to use. The results
presented will illustrate the significant shortcomings of
traditional models that are still popular and used widely. Newer,
more-accurate models will be described and guidelines for their use
in practice will be presented. Recommendations are made with
consideration of the capabilities of structural analysis software.
Recommendations are also made concerning other issues, such as
superstructure interaction, that should be considered.
Although this paper is 1imited to mats, the concepts and
subgrade models discussed are applicable to a wide variety of other
soil-structure interaction problems such as tunnels constructed
using the cut-and-cover method, combined and continuous footings,
slabs on grade, flexible walls (braced excavations and bulkheads),
lining of mined tunnels, and railway track systems.
CURRENT PRACTICE: REVIEW AND DISCUSSION
Parameters of Interest
A subgrade model is not necessarily a general soil model. It
is intended, as a minimum, to approximate only the important
aspects of a particular soil-structure interaction problem.
Therefore, the accuracy of subgrade models for mat analysis should
be judged based on cons ide rat ion of the parameters that are
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important to this type of structural element. For example, bending
moments within the mat and mat settlements, both total and
differential, are of primary importance in mat design. The matsubgrade contact stress, which will be referred to in this paper
as the "subgrade reaction stress" or simply "subgrade reaction" as
suggested in (19), is generally of secondary interest, as is shear
within the mat. Note that the term "subgrade reaction" as used in
this paper has a general meaning and is not limited to a particular
subgrade model.
A key premise of this paper is that an acceptable subgrade
model for mats should be capable of producing reasonably accurate
estimates of at least the primary parameters (moments and
settlements) from a single analysis. This is a reasonable
expectation given the computational capabilities available today
with computers and is consistent with other problems in structural
analysis where accurate estimates of loads and deformations of the
structural members are expected from the same analysis. Yet this
is not done routinely for mats at present.
Problem Components
More than any other type of foundation, a mat and the
subgrade that supports it are integral parts of a structure
(Fig.1). The reason is that the load-deformation behavior of any
one component (superstructure, mat, or subgrade) is dependent on
the other two. Therefore, these three components should be analyzed
as a single, composite unit. This renders the problem highly
complex and indeterminate, so prior to the availability of
computers the analysis was generally separated into three distinct
steps (structural analysis of the superstructure, structural
analysis of the mat, and settlement analysis of the mat) to allow
solution. Unfortunately, this artificial analytical separation of
the problem components has persisted unnecessarily in practice to
the present. In addition, while more-advanced analytical techniques
are now used routinely for the structural components, the way in
which the subgrade is mode 1ed has not changed significant 1y.
Consequently, this paper will focus on the issue of improving the
subgrade modeling.
For simplicity, behavior in only one horizontal direction (xax is) wi 11 be considered. However, the resu 1ts are camp 1ete 1y
general and may easily be extended to biaxial (x,y) flexure. It is
useful to define the parameter
k(x)- P (x)
w(x)

( 1)
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which is defined as the coefficient of subgrade react ion. This
parameter is completely general and independent of a particular
subgrade model. A subtle but important point is that k(x) is an
observed result (the ratio of the known applied stress to observed
settlement) and not an a priori assumption. Therefore, the
coefficient of subgrade reaction can be considered another problem
parameter. This fact will be used subsequently as one way of
evaluating the accuracy of subgrade models.
Traditional Methods of Analysis
Rigid Method--Although numerous subgrade models have been
developed over the years (14), only two have been used extensively
in U.S. practice. The simpler, which assumes that the mat is
perfectly rigid and has a straight-line (in one dimension) or
planar (in two dimensions) distribution of subgrade reaction, will
be referred to as the Conventional Method of Static Equilibrium
(CMSE) although it is often referred to simply as the "rigid
method." The CMSE is the basic method recommended by ACI ( 1) and
appears in most foundation engineering textbooks. The CMSE is not
a true subgrade model as it does not provide an estimate of total
mat settlement, although it does imply that there is no
differential settlement. Rather, the mat is treated as a footing
and settlements are estimated separately using any one of several
methods developed for footings. This is a classic example of the
traditional approach to mat analysis where separate analyses are
used to estimate moments and settlements of a mat.
The concept of a mat being a large footing has created a
perception among some designers that all that is required for mat
design is some "allowable bearing pressure." This is incorrect, as
footings and mats are quite different in this regard. For a
traditional spread footing supporting a building column, the
footing dimensions are varied to match some "allowable bearing
pressure" that is based on consideration of maximum allowable
settlement and safety factor against bearing failure under service
load. On the other hand, the plan dimensions of a mat are generally
predetermined by the dimensions of the structure that it wi 11
support. Thus the designer has relatively little control over the
magnitude of total settlement and bearing stresses that will result
and must decide whether or not these parameters are of acceptable
magnitude. If not, either a deep foundation alternative is used or
the design of the structure modified.
Winkler's Hypothesis--The other traditional analytical method
is a true subgrade model called Winkler's Hypothesis. In its basic
form, it is simply an abstract mathematical statement that the
settlement, w, at some point ion the subgrade surface is caused
only by the applied vertical normal stress (subgrade reaction), pi,
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at that point (Fig.1c). Mathematically, this is expressed as
Pi-kw/1i

(2)

where kwi i~ def.ined as Winkl~r's coefficient of subgr~de. react~on
at point 1. Th1s parameter 1s frequently called the so1l spnng
constant" or a similar term because the most-popular visualization
of the abstract behavior defined by Eq.2 is a vertical spring. For
an arbitrary number of contiguous points along the x-axis, the
general form of Winkler's Hypothesis is
p (x) -kw(x) w(x)

(3)

where kw(x) is Winkler's coefficient of subgrade reaction for the
general case. The subgrade can be visualized as a series of
independent springs.
Winkler's Hypothesis does not require kw(x) to be constant in
the x-direction. Nor is there any reason why the value of kw(x) at
some particular point cannot vary with the magnitude of applied
stress. However, a value of kw(x) independent of both location and
load magnitude is assumed traditionally in mat problems. This
evolved from pre-computer days when the only solutions available
for a Winkler subgrade were based on a constant value of Winkler's
coefficient of subgrade reaction. For such an assumption, Eq.3
becomes
(4)

where kw0 is a constant. The special case of Winkler's Hypothesis
with a constant Winkler coefficient of subgrade reaction is also
recommended in (1). An always-controversial issue that has
interested both practicing engineers and researchers for decades
is what value to use fork~ in a specific problem. As will be shown
subsequently, this is an exercise in futility because there is no
correct answer to this question. However, because of its historical
interest, the issue will be discussed here briefly.
Methods for estimating k~0 fall into two broad categories:
tabular or chart values, and those with some link to the theory of
elasticity. The most widely referenced table/chart is from (23).
Elasticity-based methods for estimating k~0 are generally based on
collocation (matching) of Eq.2 with a pi and wi from some closedform solution for an elastic continuum. A summary of work along
these lines is presented in (8,11). Only significant and morerecent work will be summarized here.
The earliest attempts to use elasticity theory (a half-space
solution) to calculate k~0 were actually discussed in (22) although
Terzaghi he did not ment1on this approach in his subsequent classic
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paper on Winkler's Hypothesis (23). More-realistic results can be
obtained by using an elastic body of finite thickness (3,11). This
generic type of approach generally uses a solution for a perfectly
flexible, uniformly loaded area on the surface of an isotropic,
homogeneous, linear-elastic layer, and the average surface
settlement is used as the collocation point. More recently, a
simpler approach has been taken by developing an elastic continuum
with simplified behavior (called the Winkler-Type Simplified
Continuum (WTSC)). Initially, solutions were developed for a single
layer of finite thickness with a Young's Modulus that was constant,
or increased either linearly or with the square-root of depth (10).
Recently, the method has been extended to include a system with an
arbitrary number of homogeneous, isotropic layers (11). This latter
solution is achieved by calculating an equivalent single value for
Young's Modulus using a strain-weighted method as suggested in (7).
The general validity of calculating equivalent values of elastic
parameters for a layered system is discussed in (4).
Finally, the extensive work by Vesic and his co-workers is
of interest for several reasons. Their work was unique in that the
empirical correlation between k~0 and elastic parameters of the
subgrade included a structural element (elastic plate) between the
load and subgrade. The plate was subjected to a single point load
(Vesic's primary interest was the behavior of rigid pavements, not
mats). Therefore, the resulting equations for calculating kwo from
the elastic parameters of the subgrade also contain the flexural
stiffness of the plate. This has been interpreted by some as
"proving" that kw0 is a function of the flexural stiffness of the
foundation element. This is incorrect, as this is merely a
happenstance of the problem formulation chosen by Vesic. As
described previously, expressions for kw0 can also be obtained using
some elastic solution without a structural element present. In
addition, Vesic's k~ correlation for beams (the oft-quoted "12throot" formula) has been applied erroneously in many textbooks to
mats. Vesic's kw0 correlation for mats (25) actually involves a
cube-root expression. Of particular interest in Vesic's work were
the conclusions that:
1. in general, three separate values of kw0 are required in a given
problem to match bending moment, settlement, and subgrade reaction
stress between Winkler's Hypothesis and elastic theory beneath the
applied load. The difference between the k~ values for moment and
settlement is relatively small (a factor of about two and one-half
maximum) which suggests that using the same value of kw0 for both
moment and settlement calculations is approximately correct; and,
2. for the case of an elastic plate subjected to a point load, the
match between calculated results (settlement, bending moment, and
subgrade reaction) using elastic and Winkler subgrades was poor
away from the applied load even if good directly beneath the load.
This suggests that Winkler's Hypothesis is simply not a good model
for soil subgrades.
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Because of the extensive use of Winkler's Hypothesis with a
constant Winkler coefficient of subgrade reaction as a subgrade
model and the variety of methods suggested over the years for
calculating kwo• an evaluation of the relative accuracy of these
methods is of some interest. Details can be found in ( 11 , 13) . It
should be appreciated, however, that any discussion of the accuracy
of different methods for estimating kw0 is relative because
Winkler's Hypothesis with a constant value of Winkler's coefficient
of subgrade reaction is a poor model of the behavior of an actual
soil subgrade, a fact recognized for over 50 years. This is
illustrated using the two limiting cases of a perfectly flexible
and perfectly rigid foundation as shown in Fig.2. Note that for an
actual subgrade (as well as for an ideal elastic continuum), the
resulting coefficient of subgrade reaction, k(x), which, as defined
in Eq.1, is the ratio of subgrade reaction to settlement, is not
constant in either case. This is because of the mechanism of "load
spreading" which is primarily the result of the vertical shearing
that occurs within actual soil (and an elastic continuum). Using
the spring analogy, the
springs
in actual soil are not
independent (as Winkler's Hypothesis implies) but are coupled or
linked so that an applied load a one point produces settlement at
many points. Conversely, the settlement at some point is influenced
by applied loads at other points.
There are many reasons why Winkler's Hypothesis with a
constant Winkler coefficient of subgrade reaction is still used
extensively in routine practice despite its poor representation of
actual subgrade behavior. Probably the most-significant, practical
reason even in the current computer age is that it allows the
subgrade reaction, p(x), to be eliminated as a variable in the
problem solution. For example, the behavior of the mat shown in
Fig.1b is given by
D d'w(x) +p(x) -q(x)

dx'

(5)

where Dis the flexural stiffness of the mat (assumed constant).
Combining Eqs.4 and 5 yields the behavior of the combined mat and
subgrade
D d'w(x) +kw w(x) -q(x)

dx'

0

(6)
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Thus the subgrade effects, at least as modeled using Winkler's
Hypothesis with a constant Winkler coefficient of subgrade
reaction, are easily accounted for in the stiffness matrix of the
mat as external, independent springs transverse to the mat as shown
in Fig.3a (1 ,2,3). Commercially available structural analysis
software can accommodate such a model easily.
Although Winkler's Hypothesis does produce an estimate of
total and differential settlements, traditional practice is to
"'believe"' only the moments calculated using this model. The
calculated settlements are often ignored which means that a
separate analysis must still be performed to estimate the expected
settlements. This is based on recommendations in (23). This
philosophy will be discussed further subsequently.
New Methods of Analysis
Pseudo-Coupled Concept--In an effort to retain the accustomed
mathematical and modeling simplicity of Winkler's Hypothesis with
a constant Winkler coefficient of subgrade reaction yet provide
results closer to reality, a relatively recent development has been
what are ca 11 ed "'pseudo-coup 1ed"' subgrade mode 1s ( 1 , 2, 3).
Examination reveals that, in reality, this is not a new type of
subgrade model at all but simply a return to the general form of
Winkler's Hypothesis (Eq.3). The assumption of a variable Winkler
coefficient of subgrade reaction mimics the effects of coupling of
the soil springs without explicitly doing so mathematically.
Therefore, existing structural engineering software can be used.
However the coefficient of subgrade reaction is still required to
be an input parameter rather than an observed result.
Any number of variations in kw(x) might be assumed when using
the pseudo-coupled subgrade concept. As a result, several versions
of this concept that have been proposed to date. They can be
grouped into two categories:
1. generic variations applicable to any problem; and,
2. problem-specific variations.
The generic variations in use at present assume an increase in
kw(x) near the edges of the mat. This derives from Fig.2 where, for
relatively simple loading, the coefficient of subgrade reaction
will always increase at the edges of the foundation, regardless of
its relative stiffness. The simplest suggestion is to double the
traditional constant value of Winkler's coefficient of subgrade
reaction, kwo• along the edges of a mat (1 ,3). The basic value of
kw0 would have to be determined using one or more of the methods
referred to previously. A somewhat more-sophisticated version of
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this is to use a variation in the Winkler coefficient of subgrade
reaction based on the theory of elasticity (usually the solution
for a uniformly loaded flexible area). Typically, this produces a
Winkler coefficient of subgrade reaction that is also about twice
as large around the edges of a mat compared to the center, but with
a gradual change in between. Again, the basic center value to which
this empirical variation would be applied would have to be
determined from the methods referred to previously. Such an approach is also discussed in (1,2,3).
An example of the problem-specific type of pseudo-coupled
method is the "Discrete Area Method" (24). In this version of the
pseudo-coupled concept, both the magnitude and variation of kw(x)
are predicted. To use this method, separate, parallel analyses are
performed by the structural and geotechnical engineers on a given
project. The structural engineer analyzes a mat supported by
several independent springs, but allowing for different stiffness
for each spring. The geotechnical engineer analyses an elastic
continuum subjected to the same number of perfectly flexible loaded
areas ("discrete areas") on its surface, with each load (i.e.,
applied vertical normal stress) uniformly distributed but
potentially different in magnitude. Thus the mat and subgrade can
be visualized as divided into the same checkerboard of areas, with
the number and shape of areas used arbitrary. Spring stiffnesses
(in the structural analysis) and applied surface stresses (in the
subgrade analysis) of each area are changed in an iterative, trialand-error process until the deformation patterns from the two
analyses match within some tolerable error. It is assumed that this
match provides the unique solution to the problem. Note that a
major difficulty inherent in the general pseudo-coupled concept is
overcome because the variable Winkler coefficient of subgrade
reaction used in the structural analysis is determined specifically
and uniquely for a given problem by matching to a separate analysis
of the subgrade and does not depend on a match to some simple,
generic solution. While the Discrete Area Method is perhaps the
ultimate pseudo-coupled technique and appears to give good results
consistently (24), its inherent iterative, trial-and-error nature
appears to discourage its widespread use in practice. Also, a
separate series of analyses should be performed for each designload case on a given project.
While the pseudo-coupled concept appears to be the longsought improvement to the traditional use of Winkler's Hypothesis
with a constant Winkler coefficient of subgrade reaction, the
actual improvement in a given problem is subject to significant
variability that can be difficult to assess. The reason is that the
degree of improvement will depend on how closely the actual problem
being analyzed matches the assumed problem that was used to develop
the variation in the values of k~(x). Thus, the pseudo-coupled
concept possesses a fundamental def1ciency because, in essence, the
correct answer must be known beforehand to be able to choose values
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of kw(x) that will result in calculation of the correct answer. The
reason for this circular logic is because the pseudo-coupled
concept, which is just a re-packaged version of Winkler's
Hypothesis, does not incorporate soil-spring coupling inherently.
It is incumbent on the engineer to deduce and input the coupling
effects. Thus, the accuracy of results depends on how accurately
the actual coupling effects can be estimated beforehand. This
implies that a significant amount of expertise and experience is
necessary to use the pseudo-coupled concept with good results. This
point will be illustrated subsequently using the case histories.
Multiple-Parameter Models--Because of the problems inherent
in the pseudo-coupled concept, there is still a need for
fundamentally more-accurate subgrade models that incorporate spring
coupling inherently yet would still be easy to implement and use
in routine practice (12). Of all the alternative subgrade models
investigated, the most-promising appear to be in the general
category of "multiple-parameter" models. The fundamental attraction
of these models is that a variation in the coefficient of subgrade
reaction does not have to be assumed beforehand as it does when
Winkler's Hypothesis is used. The reason is that the soil-spring
coupling is incorporated explicitly in the mathematics of a
multiple-parameter model and is independent of engineering
judgement. In addition, multiple-parameter models are attractive
because they are "surface-element" models whose governing equations
do not require explicit consideration of the subgrade depth (zaxis). The depth effects are built into the equation defining the
behavior of a surface-element model when it is derived (this is
true of Winkler's Hypothesis also).
The most-accurate multiple-parameter model that has been
identified and studied in detail to date is the Reissner Simplified
Continuum (RSC) (9). Its governing equation is
(7)

where CR 1, cR 2, and CRJ are constants. The spring-coupling effects
are represented by the terms involving the second derivatives of
w(x) and p(x). Unfortunately, implementation of this model into
practice has been slow to date. The primary reason appears to be
the fact that solution requires consideration of subgrade boundary
conditions involving the first derivatives of both w(x) and p(x).
The structural analysis software used in practice currently cannot
accommodate the latter condition. A recent suggestion (16) is to
use a multiple-parameter model intermediate in accuracy between
Winkler's Hypothesis and the RSC. Its governing equation is
(8)
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where Cp 1 and Cp 2 are constants. This model is usually called
Pasternak's Hypothesis. The spring-coupling effects are represented
by the term involving the second derivative of w(x). Of relevance
here is that not only is there no boundary condition involving the
first derivative of p(x) (which was the practical complication with
implementing the RSC into practice), but p(x) itself can be
eliminated as a variable by combining Eqs.5 and 8 so that the
behavior of the combined mat and Pasternak subgrade is defined by
D d''w(x)

dx'

-c
P,

d2w(x) +C w(x) -q(x)

dx2

pl

(9)

This is recognized as the equation defining the behavior of a beamcolumn with a constant column tension of magnitude Cp 2 supported on
independent vert i ca 1 springs of stiffness Cp 1• Tnerefore, the
combined mat plus Pasternak subgrade will be referred to as the
"beam-column analogy." A visualization of this combined model is
shown in Fig.3b. Note that the spring coupling inherent in
Pasternak's multiple-parameter model is represented by a pseudo
tension applied to the mat. From a structural-analysis perspective,
this amounts to increasing the mat stiffness. Most importantly, the
modeling simplicity of a foundation supported on independent
springs is preserved. Because structural-analysis software can
model a spring-supported beam-column under constant tension,
implementation of the beam-column analogy into practice is simple.
General recommendations for evaluating the coefficients Cp, and Cp2
are presented in (16). An example is given later in this paper.
Other Models--For the sake of completeness, it should be
noted that there are subgrade models that are fundamentally more
accurate than multiple-parameter models. There are two types of
models in this category. The first is the boundary-element method
(BEM) as applied to an elastic continuum in which the subsurface
conditions with depth are not modeled explicitly. Rather, the depth
coordinate is built into mathematical functions that are defined
only over the surface of the continuum. This is identical
conceptually to the multiple-parameter models discussed previously.
However, the BEMis more-accurate because it involves more-rigorous
(and complex) mathematics. The BEM is discussed in (7).
The other type of advanced model is explicit modeling of the
continuum. As summarized in (9), closed-form elastic solutions have
very limited use for problems involving mats because of the large
number of variables involved. Consequently, true continuum modeling
is generally limited to solution of the governing equations using
the finite element method (FEM). In this case, a variety of soil
models might be used, ranging from the basic linear elastic to
hyperbolic stress-strain models. Because of the effort involved in
developing and debugging three-dimensional FEM meshes, use of this
method, while perhaps offering the c 1osest ana 1yt i ca 1 match to
reality, is not practical currently on a routine basis.
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Comparison of Analytical Methods
While a considerable amount of both theory and op1n1on has
been published on the subject of subgrade models, there has been
a general lack of comparison to actual mat behavior that would
allow an objective evaluation of models. As a result, it is
difficult for the practicing engineer to decide rationally which
model(s) should be used. This contributes to continued usage of
traditional, but inaccurate, models. Part of the reason for the
general lack of case-history comparisons is that mats are very
complex structurally and well-detailed case histories are extremely
rare. In addition, when case histories are published, they
generally contain measured settlements and not bending moments. The
latter are much more difficult and expensive to measure.
A goal of this paper is to discuss the absolute and relative
accuracy of various types of subgrade models using two of the morecomplete case histories that have been published. The subgrade
models compared are listed in Table 1. The computer program used
for this study is named SSIH (SOil- Structure Interaction Analysis
of hbrizontal Foundation Elements). It is a FORTRAN code developed
by the writer for use on DOS-based microcomputers. The differential
equations defining the behavior of both the foundation and subgrade
are solved using the finite-element method. The primary reason for
using this program as opposed to a commercially available one is
because SSIH incorporates the Reissner Simplified Continuum
subgrade model which is not available at the present time in any
commercially available software.
CASE HISTORIES: BACKGROUND DATA
Introduction
The case histories evaluated for this study are two buildings
(the Whitaker Laboratory and Chemistry Building) that were
constructed at the Massachusetts Institute of Technology campus in
Cambridge, Massachusetts in the 1960s. An unusually detailed
presentation of important structural and geotechnical data, design
procedures and assumptions, and observed settlements over a period
of several years was published previously in (6).
Structural Analyses
The two buildings are similar in nature in that both are
significantly longer than wide and orders of magnitude stiffer (at
foundation level) in the longitudinal direction compared to the
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transverse. As a result, mat flexure in both structures was
essentially limited to the transverse direction. Advantage was made
of this in the current study as only plane-strain analyses in the
transverse direction were performed. This also simplified
presentation of calculated results and assessment of the relative
accuracy of the subgrade models considered.
Three "levels" of analytical sophistication were considered
for each of the case histories to evaluate the relative importance
of some of the superstructure interaction effects. The assumptions
in each level are summarized in Fig.4. The basic (Level 1) case was
meant to represent a traditional analysis where no matsuperstructure interaction is modeled explicitly although the
effect of superstructure stiffness was approximated by adding it
to the mat stiffness. Applied loads were assumed to be independent
of differential settlement. The Level 2 analysis is similar,
although the rotational restraint provided by the exterior belowgrade walls along the edges (both mats studied were "bathtubs" with
full moment connections between mat and exterior below-grade walls)
is modeled as a simple rotational spring. This rotational spring
constant was assumed to be 4EI/L using assumed stiffness and length
parameters for the walls. Also, the axial force on the mat from
earth and water pressures on the exterior below-grade walls was
included (the wall moments caused by the earth +water pressures
were included in all three levels of analysis). The Level 3
analysis was an attempt to allow column load redistribution as a
result of differential settlement. This was accomplished by
applying the superstructure dead and live loads to a single-story
frame. The Level 3 analyses were actually divided into two sublevels, a and b. In the 3a analyses, no cracked-section behavior
of the mat was assumed (this is the same as Levels 1 and 2).
Cracked-section behavior is rarely considered when analyzing
shallow foundations in general (18) but was investigated as part
of the Level 3b analyses to evaluate its influence. The crackedsection behavior of the mat was assumed to be defined by Branson's
equation. All levels of analysis used a reduced Young's Modulus for
concrete to account for time effects as the conditions analyzed
were for several years after construction. The influence of this
assumption was also evaluated as part of the Level 3b analyses. It
is recognized that more-accurate models of the building
superstructures could have been accomplished using other software
(SSJHused can only accommodate a one-story frame). However, this
would have precluded evaluation of the RSC model which was felt to
be crucial to this study. Thus it is recognized that even higher
"levels" of analytical sophistication are possible.
Structural Properties
The Whitaker Laboratory is the simpler of the two buildings
structurally and provides a typical pattern of loading on a

130

Horvath

building mat. It has eight stories above and two levels below
grade. The mat, which is founded approximately 34 ft below grade,
is 60.0 ft by 219.7 ft in plan and 3. 75 ft thick. A transverse
section through the mat only is shown in Fig.5. Also shown are the
service loads from an analysis of the superstructure frame
neglecting any differential settlement. The moment loading along
the exterior below-grade walls, which coincide with column lines
A and C, is the result of the lateral earth and water pressures on
these walls. Not shown is the 20 kip axial compressive force on the
mat from these 1oads that was assumed in the Leve 1s 2 and 3
analyses. The flexural stiffnes~ of the mat alone in the transverse
direction was 1.9x106 kip-ft /ft of mat. The superstructure
stiff ness, using the method discussed in ( 1 ) , was 1. 7x1o5 kipft2 /ft. Note that the mat is re 1at i ve 1y much stiffer than the
superstructure. Because the settlement data used to compare actual
and calculated mat behavior was obtained about six and one-half
years after the superstructure was poured, one-third of these
stiffness values was used in all analysis levels to account
approximately for assumed time-dependent effects on the stiffness
of the concrete. The impact of this assumption will be discussed
subsequently. The cracking moment for this mat for the Level 3b
analysis was estimated to be 150 kip-ft/ft of mat. The mat was
modeled using 31 elements of approximately equal length.
The Chemistry Building is more complex structurally. It has
five stories above and two levels below grade. The mat, which is
founded approximately 30ft below grade, is 65.5 ft by 279.5 ft in
plan and 2.5 ft thick. A transverse section through the mat is
shown in Fig.6. Also shown are the service loads neglecting any
differential settlement of the superstructure. Column Line Conly
goes up to the ground surface which explains the relatively small
magnitude of its load. The above-grade superstructure of this
building spans almost the entire width of the mat. The moment
loading along the exterior below-grade walls, which are coincident
with column lines A and E, is again due to the lateral earth and
water pressures on these walls. Not shown is the assumed 20 kip
ax i a 1 compressive force on the mat from these 1oads that was
included in the Levels 2 and 3 analyses. The flexural stiffne1s of
the mat alone in the transverse dirTction ~as 5.6x10 5 kip-ft/ft.
The superstructure stiffness was 8x10 kip-ft /ft, again, relatively
much less than the mat. Because the settlement data used to compare
actual and calculated mat behavior was obtained about two years
after the superstructure was poured, one-half of these stiffness
values were used in the basic analyses to account approximately for
time-dependent effects. For the Level 3b analysis, the cracking
moment for this mat was estimated to be 70 kip-ft/ft of mat. The
mat was modeled using 36 elements of approximately equal length.
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Subsurface Conditions and Subgrade-Model Parameters
The key soil parameter in mat analysis is generally the
compressibility. For the general case of subgrade deformation, the
appropriate compressibility parameter is Young's Modulus. When
dealing with a fine-grained soi 1 (i.e., clay) as at this site,
there are two limiting cases of soil behavior: the immediate
(undrained) condition and the long-term (drained) condition. Only
the drained condition was studied as the most-complete settlement
data published were for a time well after primary consolidation was
complete.
For the purposes of this paper, the subsurface conditions at
the adjacent sites of the Whitaker Laboratory and Chemistry
Building were assumed to be identical. Below foundation level is
approximately 70 feet of clay that is known locally as the Boston
Blue Clay (BBC). This is underlain by glacial outwash sands and
till that was assumed to act as a rigid base. The stress at
foundation 1eve 1 imposed by each structure was 1ess than the
vertical overburden stress prior to construction which resulted in
what is frequent 1y referred to as a compensated or floating
foundation. Consequently, the buildings stressed the BBC within its
reload range only. Piezometric data provided in the original paper
indicated that full heave had occurred during excavation so the
full stress caused by the buildings was assumed to be transmitted
during the consolidation process. The drained Young's Modulus of
the soil was estimated using relationships that involve the coefficient of compressibility of the soil, av, obtained in a standard
oedometer test. Reference (21) provide a summary of techniques for
estimating the drained Young's Modulus for fine-grained soils.
The 70 feet of clay was divided into several artificial
layers within each Young's Modulus was assumed to be constant. A
method similar to that used in (7) and described in (11) was used
to calculate an equivalent average Young's Modulus (800 ksf) for
the entire system. No increase in modulus was made to account for
embedment of the mat below the surrounding grade. This is
consistent with a recommendation in (5) that the em~~dment effect
is small and can be ignored. The dr :.> i ned Poisson's Ratio was
assumed to be 0. 25 for all lai~rs. The shear modulus was calculated
to be 320 ksf.
Using these qlastic parameters, the coefficients for the
va:-ious subgrade models used in this study were calculated as
1ollows:
1. for Winkler's Hypothesis with a constant coefficient of subgrade

reaction, the Winkler-Type Simplified Continuum appears to be the
most consistent method for calculating kw0 (11). As derived in (10),

132

Horvath

for an isotropic, homogeneous layer
(10)

where Ei is the Young's Modulus of the layer (800 ksf here) and H
is the layer thickness (70ft here);
2. for the beam-column analogy, as summarized in (15) there are at
least five different ways to interpret the coefficients in Eq.8
which defines the behavior of this model. Of these, the PasternakType Simplified Continuum appears to be the most logical (14). As
derived in (8), for an isotropic, homogeneous layer
Es

Cp•-

( 11)

G~
cP. --2

(12)

'

H

Note that Eq.11 is identical to Eq.10 and represents the spring
component of the subgrade. Eq. 12 represents the spring-coupling
effect which is interpreted as a fictitious tensile force in the
coupled mat+ subgrade "beam-column";
3. for the Reissner Simplified Continuum, as derived in (9) for an
isotropic, homogeneous layer
( 13)

G~
cR, --3

( 14)

(15)
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Note that Eq.14 is identical to Eqs.10 and 11 and represents the
spring component of the subgrade. The other two equations represent
spring-coupling effects (note that Eq.15 is a pseudo beam-tension
term similar to Eq.12).
As discussed previously, numerous methods have been proposed
over the years for estimating a constant value of Winkler's
coefficient of subgrade reaction, k~0 • Table 2 contains a summary
of various k~0 values for the mats studied. Except for the ""design""
values, all were determined as part of this study. The design
values were reportedly developed solely on the basis of the
designers' experience and judgement and, as a result, cannot be
derived from any published method. The k10 values in Table 2 are
presented for information and informal comparison only. Analyses
performed for this study used only the design and WTSC values to
limit the number of variables considered in this study.
CASE HISTORIES: PRESENTATION AND DISCUSSION OF RESULTS
Whitaker Laboratory
Introduction--Fig.7 shows the range of mat settlements in the
transverse direction that were measured in early 1971, six-and-onehalf years after the building superstructure was completed. The
minimum values occurred at the east end of the building and the
maxima at the west end. The structure had a slight rigid-body tilt
toward the west. All transverse settlement patterns were
qualitatively similar, i.e., slightly concave-upward (""dishing"" or
""sagging"") although the mat behaved relatively rigidly even in this
direction.
Level 1 Analyses--A comparison of measured versus calculated
settlements for the Level 1 analyses is shown in Fig. B. Settlements
calculated using the design value of kw0 are significantly less than
the observed values, by about one order of magnitude. However, in
fairness to the original designers, they followed the traditional
philosophy and did not use the results from their analyses using
Winkler's Hypothesis as an estimate of expected mat settlements.
Settlements calculated using a value of k~0 from the WTSC method are
somewhat greater than the observed which 1 s consistent with resu 1ts
obtained for other case histories (11). Although the WTSC method
provides results reasonably close to the actual, the dishing
pattern of settlement was not indicated. Of the variable Winkler
(pseudo-coupled) methods, only the simplest (doubling the WTSC kw0
value at the edge) is shown here. For all analyses performed for
this study, using a Winkler coefficient of subgrade reaction that
increased gradually from center to edge produced essentially
i dent i ca 1 resu 1t to those obtai ned by simp 1y doub 1i ng the edge
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values. Consequently, only the doubled-edge values will be shown.
The calculated settlements are slightly closer to the actual but
not significantly different from those obtained assuming a constant
value of Winkler's coefficient of subgrade reaction. The results
from the beam-column analogy (Pasternak subgrade) are similar to
the Winkler subgrade results, but with a flatter settlement pattern
that more closely matches the observed. The RSC model is seen to
produce the best agreement with the observed settlements, although
the calculated dishing is less than observed.
A comparison of calculated moments is shown in Fig.9. As is
typical, the relative range in moments is significantly less than
the relative range in settlements despite the wide variation in
subgrade models and parameters considered. Moments from the
assumption of a perfectly rigid mat are also included for
comparison. It is interesting to note the very good agreement
between the results from RSC model and the designer's uniform
Winkler coefficient of subgrade reaction. Note also that moments
using the RSC model exceed the assumed cracked-section value (150
kip-ft/ft) only in the vicinity of Column Line B near the center
of the mat.
The calculated subgrade reaction (mat-subgrade contact
stresses) are shown in Fig.10. The effect of the simplest
pseudo-coupled method where the coefficient of subgrade reaction
is doubled at the edge is clearly seen with the peak edge stresses
that attempt to duplicate the peaks obtained using the RSC.
Level 2 Analyses--The settlements for the Level 2 analyses
are shown in Fig.11. In general, they were found to be only
slightly different from the Level 1 results (Fig.8), so the results
from some subgrade models have been omitted for clarity. The most
noteworthy difference is the flattening of the slopes of the
deformed mat at the edges. This is the result of approximately
modeling the rotational restraint provided by the exterior belowgrade walls. Calculated moments are shown in Fig.12. The positive
moments at the edge are greater than in the Level 1 case because
of the assumed rotational restraint.
Level 3 Analyses--The Levels 3a and 3b results were very
similar, so only the 3b results are presented. This outcome is not
surprising because relatively little cracking is calculated for
this mat, so whether or not cracked-section behavior is included
has little effect. Settlements from representative subgrade models
are shown in Fig.13. For this case, somewhat greater edge
settlements are calculated for all subgrade models compared to the
Levels 1 and 2 results (the Level 2 results for the RSC model are
shown for comparison). Calculated moments are shown for the RSC
subgrade model only in Fig.14, with the Level 2 results shown for
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comparison. The major difference is the not i ceab 1e increase in
negative moments, as the frame action of the superstructure tends
to reduce the pas it i ve moments caused by the earth and water
pressures on the basement walls.
The final issue considered was the effect of assuming a
two-thirds reduction in the stiffness of the foundation and
superstructure concrete as an approximation of time-related
effects. Fig.15 compares actual and calculated settlements using
the RSC model only (the Level 3b structural model was assumed for
both analyses). It can be seen that the reduced modulus results,
as expected, in more-flexible behavior and slightly better
agreement with observed settlements.
Chemistry Building
Introduction--An identical suite of analyses was performed
for the Chemistry Building. Observed settlements in the transverse
direction are shown in Fig.16. These data were also obtained in
early 1971, approximately two years after the superstructure was
completed. Although the minimum values were at the north end of the
building and the maxima toward the south end, there was no rigidbody tilt of this building. Note that the settlement pattern here
is slightly concave-downward ("hogging"), although the lack of
measurements along the exterior columns (lines A and E) precludes
a complete picture of the actual settlement pattern. Overall, this
mat is relatively more flexible than the Whitaker Laboratory.
Level 1 Analyses--A comparison of measured versus calculated
settlements for the basic analyses is shown in Fig.17. Settlements
calculated using the design value of kwa are again significantly
less than the observed values and actually indicate a net uplift
near the centerline of the mat. For this problem, the agreement
between observed settlements and those calculated using the RSC
subgrade model were not as good as for the Whitaker Laboratory,
although the RSC model results are significantly better than those
using the constant-value Winkler (WTSC) and variable Winkler (WTSC
kw0 doubled at edge) subgrade models. In this problem, the beamcolumn analogy produces results significantly better than Winkler's
Hypothesis and quite close to the observed.
Calculated moments are shown in Fig.18. It is interesting to
note the implication (using the RSC-model results) that crackedsection behavior would occur over much of this mat (estimated
cracking moment=70 kip-ft/ft). The constant-value Winkler (WTSC)
and variable Winkler (WTSC doubled at edge) methods appear to be
conservative in the negative moment range, again with little
difference between these two methods. The assumption of a rigid mat
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produces grossly conservative negative moments, not surprising in
view of the relatively flexible nature of this mat.
The calculated subgrade reactions are shown in Fig.19. No
attempt was made to iterate the analysis for the constant-value
Winkler (design value) case to eliminate the negative subgrade
reaction, which is physically impossible, that was calculated.
Level 2 Analyses--Settlements for the Level 2 analyses are
shown in Fig.20. In general, they are little different from the
Level 1 results (Fig.17), so the results from some subgrade models
have been omitted for clarity. The most noteworthy difference is
the flattening of the slopes of the deformed mat at the edges,
especially for Winkler's Hypothesis with a constant (WTSC) Winkler
coefficient of subgrade reaction. Again, this is the result of the
rotational restraint provided by the exterior below-grade walls.
Calculated moments are shown in Fig.21. The positive moments at the
edge are somewhat greater than in the Level 1 case because of the
assumed rotational restraint.
Level 3 Analyses--Again, only the Level 3b results are shown.
Settlements are shown in Fig.22, with the RSC model results from
the Level 2 analyses included for comparison. Modeling variable
loads and mat stiffness appears to have little influence on the
calculated settlements even though extensive cracking is calculated
for this mat. A comparison of calculated moments is shown in Fig.23
using the RSC model only. Finally, the influence of assumed
concrete modulus is shown in Fig.24. In this case, somewhat poorer
correlation with observed settlements was obtained using a 50%
reduction in modulus.
CONCLUSIONS
Subgrade Models
The primary conclusions drawn with respect to subgrade
models are:
1. the Conventional Method of Static Equilibrium, which assumes a
rigid mat, provides poor approximation of observed behavior.
Virtually all mats exhibit some flexibility relative to the
subgrade. As a consequence, moments calculated assuming mat
rigidity can be seriously in error;
2. use of Winkler's Hypothesis with a constant Winkler coefficient
of subgrade reaction does not produce accurate estimates of moments
and settlements from a single value of kwo· For example, the
original design values for kwo• which were chosen solely on the
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basis of engineering judgement, provided surprisingly good
agreement with the RSC mode 1 for moments, but underestimated
settlements by an order of magnitude. Conversely, the WTSC values
for kw0 produced better estimates of settlement, but poorer moment
agreement compared to the RSC results;
3. in general, results from using a variable Winkler coefficient
of subgrade reaction (pseudo-coupled concept) are inconsistent. The
simplest approach of doubling the value of k~ along the edges of
the mat produced only modest improvement in both buildings compared
to using Winkler's Hypothesis with a constant value for k 0 , with
overall poor comparison to observed behavior and results lrom the
RSC model. On the other hand, (24) has demonstrated that by
uniquely determining the magnitude and variation in Winkler's
coefficient of subgrade reaction for a given project, good results
can be obtained. The conclusion is that variations in the Winkler
coefficient of subgrade reaction that are based on simple rules,
e.g., doubling the values at the mat edges, cannot be expected to
be accurate for the infinite range in combinations of loads, etc.
that occur in mat design practice. As stated previously, the
accuracy of results from the pseudo-coupled method in general is
directly related to how well the Winkler coefficient of subgrade
reaction assumed matches the actual. This is illustrated in Figs.25
and 26 where the coefficient of subgrade reaction calculated using
the RSC model is compared to the values assumed using Winkler's
Hypothesis. Not shown is the doubled value (22 kef) at the edges
of the mat for the variable Winkler cases. For the Chemistry
Laboratory in particular (Fig.26), the match between the Winkler
assumptions and RSC results is quite poor;
4. the results of the recently suggested beam-column analogy (which
incorporates the Pasternak subgrade model) are slightly to
significant 1y better than Wink 1er' s Hypothesis. Thus, the beamcolumn analogy shows promise as an improved analytical technique
compared to Winkler's Hypothesis, at least on an interim basis;
and,
5. of the subgrade models considered, the RSC consistently provided
the best agreement between observed and calculated settlements.
This is consistent with conclusions based on previously published
theoretical work (9).
Structural Effects
Consideration of structural effects, particularly matsuperstructure interaction, are also important in mat analysis.
This conclusion is consistent with numerous others (4,20,24). For
example, it is believed that even better agreement between observed
settlements and calculated results could have been achieved if the
superstructure were modeled more accurately than using the simple
single-story frame model in the SSIH program used for this study.
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This is especially true for the Chemistry Building where the
hogging pattern of settlement would have transferred more load to
Column Line C near the center of the mat, thus flat ten i ng the
calculated settlement profile more as was observed. Although other
structural effects such as change in concrete modulus with time and
cracked section behavior did not appear to be major variables in
the mats considered, these are known phenomenon that are relatively
simple to consider in routine design.
RECOMMENDATIONS
Subgrade Models
The conclusions reached in this paper support previous
recommendations (9,12) that implementation of improved subgrade
models in routine mat foundation design practice is both highly
desirable from consideration of computational accuracy and feasible
from practical considerations. The overall recommendation is that
a single, reasonably accurate subgrade model be used to calculate
all parameters of interest in the design of a mat foundation
(moments, settlements, etc.). Within this context, the following
specific recommendations are made:
1. use of the Conventional Method of Static Equilibrium ("rigid
method") should be discontinued;
2. use the traditional form of Winkler's Hypothesis with kw(x)
assumed constant ( =kw0 ) should be d i scant i nued;
3. use the general form of Winkler's Hypothesis with a variable
k~(x) (the pseudo-coupled concept) can produce acceptable results
provided the reference analysis used to produce the values of kK(x)
matches the problem of interest in terms of geometry, loading, and
mat stiffness. Thus the simple methods of doubling the Winkler
coefficient of subgrade reaction at the edges or using a generic
variation based on an elastic solution should not be used.
Unfortunately, the choices of reasonably accurate pseudo-coupled
methods are limited. The Discrete Area Method is conceptually sound
and produces good results consistently (24), but requires close
coordination between structural and geotechnical engineers. In the
writer's opinion, this is too cumbersome for routine practice,
especially on smaller projects, and will likely continue to limit
its use. This is supported by the fact that this technique has been
around for at least 20 years, yet the number of engineers using it
in practice appears to be very small;
4. as an interim general-purpose model, the beam-column analogy
should be used as it incorporates the Pasternak subgrade model
which is the simplest model that inherently incorporates "spring
coupling." However, a boundary condition involving w'(x) (the first
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derivative of w(x)) at the edges of the mat must be dealt with.
This issue is discussed in (16). Based on study of this model to
date, it is recommended that continuity of w'(x) be assumed. This
can be achieved by specifying a zero-column-tension boundary
condition at the edges of the mat. It is also recommended that zero
horizontal deformation boundary conditions be imposed at each edge
of the mat. This is to prevent calculation of fictitious horizontal
deformations of the mat of very large magnitude; and,
5. the preceding recommendation should be considered only interim
until such time that subgrade models that are consistently moreaccurate, such as the Reissner Simplified Continuum, are
implemented in structural analysis software available to practicing
engineers. Research is currently in progress in this regard.
Structural Analysis
Other details relative to the structural analysis should also
be given careful consideration:
1. superstructure interaction effects are, in general, important,
and should be included even for relatively modest structures such
as described in this paper. Engineers should recognize that the
superstructure, mat, and soil subgrade are a single, interactive
unit that should be analyzed together. Given the computational
capabilities available to engineers, there is no reason why this
cannot be a reality on every project; and,
2. attention should be given to considering in mat analysis wellknown behavioral aspects of concrete in the mat such as modulus
reduction with time and cracked section behavior. These issues are
now considered routinely for superstructure concrete, so there is
no reason why the mat concrete should not receive similar
attention.
Although not evaluated as part of this study, others have
evaluated the use of "thick" elements for the mat (in which shear
effects are considered) versus the usual "thin" elements in which
only simple-beam effects ("plane sections remain plane") are
modeled (17). The inclusion of shear in the flexural behavior of
a beam effectively makes the beam more flexible. This tends to
increase differential settlement and reduce bending moments. The
conclusion reached in (17) was that shear effects may be important
in some cases. Therefore, it would appear to be prudent to model
a mat using "thick" elements if the computer software package used
has this capability.
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COMMENTARY
The basic recommendation made in this paper, to use a moreaccurate subgrade model in mat-analysis practice, is not new. There
is a demonstrated need for this as well as practical solutions to
this need. However, experience indicates that objections will still
be raised to this recommendation. Consequently, specific comments
are offered in advance to address these anticipated objections:
1. all recommended subgrade models, including those involving
Winkler's Hypothesis, rely on a knowledge of Young's Modulus of the
subgrade to calculate the appropriate model parameters. It has been
argued that this is essentially impossible to do reliably for soil,
so any potential benefit of using an inherently more-accurate
subgrade model is lost in the inaccuracy of the soil modulus. Thus
there is no reason to change the status quo. While Young's Modulus
for soil has always been difficult to estimate accurately, and the
calculated results (especially settlement) are sensitive to the
value chosen, estimation of Young's Modulus is not a hopeless task.
Tremendous advances in soil-testing technology, especially using
in-situ testing, have been made in recent years. There is every
indication that the reliability and accuracy of these methods will
continue to improve in the future as the database of theoretical,
calibration-chamber, and case-hi story knowledge expands. It should,
however, be understood that the Young's Modulus of soil will never
be a parameter that can be picked reliably from a table or chart
in a textbook or handbook as with other engineering materials. It
will always require the judgement of an experienced geotechnical
engineer who evaluates, on a site-specific basis, the stress
history of the subgrade soils and its relation to the stress
increase resulting from the proposed mat. In summary, reasonably
accurate estimates of Young's Modulus of soil can be made now, and
the accuracy will continue to improve in the future. However, it
requires the input of an experienced geotechnical engineer; and,

2. a premise stated at the beginning of this paper is that an
acceptable subgrade model should be able to produce accurate
estimates of at least the primary parameters of interest (moments
and settlement) from a single analysis. A counter argument is that
there is nothing wrong with performing separate moment and
settlement calculations. Corollaries of this argument are a)
Winkler's Hypothesis is simple to use and provides an acceptable
estimate of moments, so its use should not be abandoned, and b) the
moments calculated using the rigid method or Winkler's Hypothesis
are conservative and result in "safe" designs, so these methods
should still be used in practice. The response to this has several
parts:
i. in general, separation of load and deformation analyses
is neither necessary nor acceptable in modern structural analysis.
As discussed previously, the reasons for separating moment and
settlement calculations for mats derives only from a time when it
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was a necessity given the manual computational tools available at
that time. Computers have decisively eliminated this need.
Therefore, the argument to maintain the status quo becomes one of
intellectual inertia and has no technical merit;
i i. if moment and sett 1ement ca 1cu 1at ions are separated,
there is no simple stand-alone method for accurately calculating
total and differential settlements. This is because analytical
methods for settlement do not consider mat and superstructure
interaction effects, so typically produce significantly inaccurate
results as shown in (4);
111. published results involving a comparison of measured
bending moments and values calculated using Winkler's Hypothesis
for actual mats are noticeably lacking. Thus, the alleged
acceptable accuracy of Winkler's Hypothesis as a moment-calculation
tool is anecdotal and unsubstantiated. A careful reading of (23)
reveals that Terzaghi saw Winkler's Hypothesis solely as a lessconservative, yet practical, method for calculating moments in
soil-structure interaction problems where there is relative
flexibility of the structural element. At the time, the only
practical alternative was the rigid method. In that pre-computer
age, use of more-exact models (some of which had been published as
early as 1940) was out of the question because they could not be
implemented into practice. There is no indication that Terzaghi
envisaged Winkler's Hypothesis as the ultimate in subgrade models.
Perhaps this issue of the alleged accuracy of calculated moments
based on using a Winkler subgrade will never be resolved
conclusively until direct moment measurements of actual mats are
made. However, as an indirect argument, the work in (25) indicated
that a constant value of Winkler's coefficient of subgrade reaction
should produce estimates of settlement and moment with about the
same order of accuracy. Thus, we can use comparisons of observed
and calculated mat settlements as an approximation of the
comparison of actual and calculated moments. The results and
conclusions presented in this paper, which were based solely on
observed settlements, should, therefore, be equally applicable to
moments; and,

iv. moments calculated using traditional models are not
necessarily conservative (i.e., greater than some "correct" value)
in both the positive and negative moment regions, so universal
implications of "safety" in designs based on traditional models are
unwarranted. The generally acceptable behavior of mats designed
using traditional models is probably due more to material safety
factors and other conservative design assumptions, not adequacy of
the analytical methods.
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SUBGRADE MODELS USED IN CASE-HISTORY COMPARISON

Conventional Method of Static Equilibrium (rigid method)
(note: for bending moments only)

Winkler's Hypothesis:
constant coefficient of subgrade reaction
- design value
- WTSC method
variable coefficient of subgrade reaction
(pseudo-coupled concept)
- values from WTSC method doubled at edge
- WTSC value used at center of mat then increased
gradually toward edges (approximately doubled at edges)

multiple-parameter models:
beam-column analogy (Pasternak's Hypothesis subgrade model)
• Reissner Simplified Continuum

TABLE 2- COMPARISON OF Kwo VALUES

kw 0

(

k i ps/ft3)

design

WTSC

el astic 1

Whitaker Lab

86

11

Chemistry Bldg.

150

11

Project

Vesic 2

Terzaghi

21

25

5

20

38

5

~:

1. Based on collocation with a uniformly loaded, perfectly flexible
loaded area.

2. This is the basic value to be used for calculating moments in

the mat. For estimating settlements, use approximately
of this value.

50~

to

100~
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q(x)

(a) superstructure

q(x)

\p(x)
(b) mat

--- ----

--- --- --·
(c) subgrade

Fig. 1-Components of a mat-supported building
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Subgrade
Winkler's Hypothesis
(aseumed constant coefficient

Foundation

of subgrade reaction)

Actual
(also elastic continuum)

flexible
(p(x) uniform)

w(x)vartable

w(x) uniform

rtgld

(load can be concentrated
or distributed)

Qoad can be concentrated
or distributed)

(w(x) uniform)

p(x) uniform

Fig. 2-Comparison of subgrade response

p(X) variable
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(a) Winkler subgrade

(equivalent to Winkler subgrade)

(b) bearTK:olumn-anaJogy (Pasternak subgrade)

Fig. 3-Visualization of combined mat plus subgrade model
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Assumptions:
- fixed applied loads (Including rnomen1B from earth/Water pressures)
- su~cture stlffneas added to mat stiffness
- no cracking of mat

(a) Level1

Assumptions:
- fixed loads (including axial force from earth/Water pr888Ures)
- superstructure stlflness added to mat stiffness
-no cracking of mat
- rotational restraint at ends from below-grade walls
(b) Level2

Assumptions:
- superstructure modeled as one-story frame
- loads applied as shown
- both a) no cracking and b) cracking of mat studied
(c) Leve13

Fig. 4--Summary of analytical assumptions
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Fig_ 6-MIT Chemistry Building - Transverse section through mat
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MesseTurm, Foundations for the
Tallest Building in Europe
by G. J. Tomaro and A. H. Brand

Synopsis:
The MesseTurm, the tower at the fairground
in Frankfurt am Main Germany, is Europe's tallest highrise building. It is 256m (840ft.) tall and rests on
a combination mat and bored pile foundation bearing in
Frankfurt clay.
This paper describes the foundation
design
and
construction.
Load
and
settlement
monitoring devices were installed and the measurement
results obtained during and after construction are
presented. The effect of a post-construction 12 m (40
ft.) groundwater lowering on the behavior of the
foundations is shown.

Keywords: Consolidation; high rise buildings; loads (forces); mat
foundations; piles; settlement (structural); subgrades
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George J. Tamaro, Partner of Mueser Rutledge Consulting
Engineers joined the firm in 1980.
He has Masters
degrees in both engineering and architecture.
He is
licensed in numerous States as well as in Europe. Mr.
Tamara
has
extensive
experience
in
design
and
construction of deep foundations, particularly using
slurry wall technology.
Alfred H. Brand, Partner of Mueser Rutledge Consulting
Engineers joined the firm in 1968.
He has a Masters
degree in Civil Engineering and has specialized in
geotechnical engineering throughout his career. He has
extensive experience in site evaluation, laboratory
testing,
analysis of foundation
performance and
development of foundation concepts and design.

1. DEVELOPMENT OF FOUNDATIONS OF HIGH-RISE BUILDINGS IN
FRANKFURT/MAIN
Frankfurt am Main, Germany, has relatively few
very tall buildings, but heights of buildings are
increasing.
The
first
20
story
building was
constructed in about 1961. In the seventies and at the
beginning of the eighties, several high-rise buildings
on the order of 40 stories were built.
These have
heights of 150 to 180 rn ( 490 to 590 ft.) and are
typically supported on mat foundations.
Figure No. 1 shows the progression of building
heights over time as reported by Sommer et al (1991).
The figure also shows the thickness of the mats and the
approximate effective unit building load of the base of
the mat.
Previous mat supported high rise structures in
Frankfurt have reportedly settled as much as 3 0 ern.
Generally, the settlements have been uneven and almost
all of these structures tilt. Available data indicate
that the tilt is usually 20 percent of the average
settlement of the building. Uneven settlements result
primarily
from
inhomogeneities of
the Frankfurt
subsoil.
Conventional boring spacings and sampling
techniques do not provide sufficient information to
define the soil variations to permit an analysis of the
magnitude and direction of tilt.
The MesseTurrn, at a
height of 256 rn and 60 stories, is the tallest building
in Europe and by far the tallest building in Frankfurt.
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The width of the foundation is 58.8 m. One em of tilt
of the mat would produce a lateral movement of 4.5 em
at the top. This potential tilt was of great concern.
2.

SUBSOIL

The subsoil at the Messeturm site consists of
Quaternary age terrace sand and gravel down to
approximately 8 m below the surface, underlain by a
thick deposit of tertiary sediments known as "Frankfurt
Clay". The Frankfurt Clay at the MesseTurm site is on
the order of 100 m thick and consists of an irregular
and altering sequence of preconsolidated clays and
silts with thin calcareous sand inclusions as well as
isolated limestone layers.
Preconsolidation of the
Frankfurt
Clay
has
been
attributed
to
eroded
overburden.
Extensive testing of the very stiff to hard
been
performed
by
Frankfurt
Clay
has
the
Sommer
and
Partners
Grundbauinstitut
Prof.
of
Darmstadt, Germany.
Average

index properties of the Frankfurt Clay

are:
Natural water content w.=35%±10%
Liquid Limit LL=65%±10%
Plastic Limit PL=35%±10%
The natural water content is generally near the
plastic limit.
The clay is fissured.
Strength data
from Laboratory tests on relatively undisturbed samples
and from field pocket penetrameter and torvane tests
produce considerable scatter because of the fissuring
and the varying sand and silt content.
Figure No. 2
shows a generalized soil profile and illustrates the
range of undrained shear strength of the clay. Figure
No. 3 shows the locations of borings drilled for
MesseTurm and shows the diverse patterns of strength
with depth obtained from laboratory unconfined and
triaxial compressive strength tests on recovered
samples.
Preconsolidation of the Frankfurt clay has been
demonstrated by laboratory consolidation tests and by
analysis of settlement measurements from previous high
rise construction.
Laboratory consolidation tests of
clay samples from a depth range of 2 0 to 3 0 meters
showed preconsolidated pressures on the order of 300
kN/m2 (3 .1 TSF) above the effective overburden pressure.
Tests from deeper samples were less conclusive, perhaps
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due to sample disturbance.
Based on experience with
other structures, Sommer estimates a compressibility
modulus for the clay deposit as:
E,=E, (1+a*z) where
0

the
minimum
modulus
E, =7
MN/m2 ;
computational factor
a=0.35; and the depth z is in
meters below the Tertiary
surface
0

At the MesseTurm site, the limestone layers
encountered in the borings have a maximum thickness of
1.4 m (4.6 ft.)
The limestone layers were not
consistent or continuous from boring to boring.
3.

FOUNDATION DESIGN

Based
on
the
geotechnical
studies,
Sommer
calculated settlements between 35 em and 40 em if
MesseTurm were supported only on a mat.
In order to
reduce settlements and therefore reduce tilt, he
developed a foundation system consisting of a mat,
bearing on Frankfurt clay, stabilized against tilt by
a system of 1. 3 m ( 4. 3 ft. ) diameter bored piles
(drilled piers) which extend between 27 m and 35 m into
the clay below the mat. With this "Piled-Raft'', a part
of the structural load is transferred to deeper soil
deposits by the piles.
This system is designed to
reduce the overall settlement due to compression of the
clay by reinforcing the upper part of the clay bearing
stratum.
In so doing, the system would also reduce
tilt.
The evolution of the concept of the "PiledRaft" was described by Sommer et al (1991).
Sommer had previously supported the nearby 30story Torhaus at the Messe in Frankfurt on a pair of
piled-raft foundations (Sommer et al, 1985). Those two
mats included piles which were uniform in length and
evenly distributed throughout the mat areas beneath the
highrise towers.
Measurement of the behavior of the
Torhaus piled-raft indicated substantially higher loads
in piles near the edge of the mat as shown conceptually
on Figure No. 4.
In an attempt to obtain a more
uniform loading of each pile at MesseTurm, the original
proposal was to group the piles beneath the footprint
of the tower, also shown on Figure No. 4.
The pile
pattern consisted of three "rings". The piles of the
inner ring were designed to be longer than the piles of
the outer ring.
With the concentration of the pile
loads towards the center of the foundation mat the
bending moments in the mat would be kept to a minimum.
The mat had been sized on that basis. It was 6 meters
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thick throughout much of its area,
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and tapered to 3

The design concept had been developed as described
above when Mueser Rutledge Consulting Engineers was
asked by the project joint venture development partner,
Tishman
Speyer
Properties,
to
consult
on
the
foundations.
Discussions were held with Prof. Sommer
and his partners and with the structural designer,
Prof. Fritz Notzold. From the standpoint of minimizing
tilt, we were interested in placing the piles far out
near the edges of the mat to act as stabilizing
outriggers.
This would have generated substantial
additional bending moments in the mat which would have
required a thicker, more heavily reinforced mat.
An alternative of deepening the foundation level
to create one additional basement was also examined.
This would have provided more excavation unloading and
moved the elevation of load application lower into an
incrementally stronger and slightly less compressible
clay horizon. This alternative was not pursued because
of the potential impact of deeper excavation and
construction
dewatering
on
adjacent
fairground
buildings and the client's lack of need for additional
underground space.
Ultimately, a design was developed which gave a
practical balance between the desire to provide tiltstabilizing pile elements while maintaining manageable
bending moments in the mat.
The concept is shown on
Figure No. 5.
The MesseTurm mat is founded at a depth
of 14 m below the ground surface, which is 9 m below
the ground water table. The mat has a thickness of 6
m at the center, thinning to 3 m at the edge. A total
of 64 bored piles are arranged below the mat in 3
concentric rings. The piles are 1.3 m in diameter and
vary in length from 26.9 m to 34.9 m. The distance
between the pile centerlines ranges from 3.5 to 6 times
the pile diameter.
The intent of the design is for the piles and mat
to share the building load. Because of the limitations
of theory and experience in predicting the distribution
of load between the mat and the bored piles, a "limit
analysis" approach was used to size the mat and the
piles. As a first consideration, the piles were assumed
to carry only 30% of the total building load and the
mat carried the remainder. As a second consideration,
the piles were assumed to carry 55% of the total load
and the mat the remainder. This alternative was based
on the ultimate capacity of bored piles according to
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side friction and end bearing criteria given in the
German DIN Code. The piles were designed to "fail" the
soil in friction and end bearing thus limiting the
total amount of building load which could be carried by
the piles.
However, the piles have an ultimate
structural capacity capable of carrying the full
building load, so that the pile columns would not fail
even if the soil supporting characteristics proved to
be greater than assumed.
Instrumentation was incorporated into the design
to monitor the performance of the building foundations.
These include devices to monitor settlement, pressure,
stress and tilt.
The layout of instrumentation is
shown on Figure No. 6. The instrumentation permits an
evaluation of the distribution of load between the
piles and raft.
4. FOUNDATION CONSTRUCTION
The general contractor for the project was
Hochtief.
The piling subcontractor was BilfingerBerger.
Excavation work started in June 1988. The
sides of the excavation were retained by soldier piles
and lagging supported by tiebacks anchored into the
clay.
The initial excavation was made to about 7 m below
the ground surface, an elevation slightly above ground
water. This elevation was 5 m to 7 m above the final
mat subgrade.
All piles were bored from this level.
Boring was done using casing,
casing twisters,
clamshell buckets and chisels. Piling was installed
during a seven week period between August and September
1988 using three excavating machines within the
congested site. Figure No. 7 shows pile drilling
equipment in operation.
Piles were excavated using casing which was kept
filled with water in order to prevent inward seepage
which would cause loss of ground into the hole.
Clamshell buckets and drop chisels were able to
excavate the limestone layers without difficulty.
As
the piles were filled with concrete the casing was
withdrawn.
The head of concrete was maintained above
the bottom of casing.
The rise of concrete and the
volume of concrete placed was recorded and checked
against theoretical quantities. The data obtained were
presented in drilling progress diagrams, an example of
which is shown on Figure No. 8.

~
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Pile concrete was cast to a level several meters
above the final mat subgrade.
During the subsequent
excavation, the piles were trimmed to grade for
connection to the mat. Figure No. 9 shows a section of
pile above final mat subgrade prior to being trimmed
off.
The zig-zag pattern was produced by the casing
cutting teeth as a result of the casing twister motion.
site dewatering and general excavation to mat
subgrade followed pile installation.
A nine meter
drawdown of water was maintained for mat construction.
The dewatering system included deep relief wells in the
clay intended to intercept sand seams and bleed off
excess pressure below subgrade.
Adjacent low rise
buildings were monitored for movement during the time
that the drawdown was performed.
Excavation started at the west corner and
progressed to the east corner over a two month period.
A test pit excavated near the west corner to inspect
the soil directly below subgrade uncovered a pocket of
gas in a limestone layer. It is suspected that similar
conditions exist at other locations in Frankfurt and
may be partly responsible for
the differential
settlement problems commonly experienced.
When the excavation reached design subgrade a thin
working mat of concrete was placed.
The tops of the
bored piles were then cut to subgrade.
Reinforcing
steel was then placed, followed by concreting of the 6
m thick mat.
Seventeen thousand cubic meters (22,000
cubic yards) of concrete was placed working around the
clock from Nov. 8 through Nov. 11, 1988. Engineering
News-Record (June 14, 1990) reported that this ranks as
one
of
the
worlds
biggest
continuously
poured
foundation mats.
The operation involved 240 workers,
90 ready-mix trucks and four concrete pumps.
Figure
No. 10 shows the site during concreting of the
foundation mat.
5.

INSTRUMENTATION MEASUREMENTS
5.1

Settlement

Subgrade settlements of 1 em to 1. 5 em were
reported immediately after placement of the concrete as
the "wet load" of the concrete was applied to the soil
directly below the mat.
Then, as the concrete
hardened, the piles began to carry a portion of the
concrete weight.
Thus, load sharing between subgrade
soils and the piles developed soon after the start of
concrete placement.
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Figure No. 11 shows how the building load was
applied and the corresponding settlement of the center
of the mat developed during the construction period.
The concrete superstructure reached its maximum height
within about one year.
Approximately 90% of the
structure's weight was in place by January 1990 as
shown on Figure No. 11.
At that time settlements of
the mat were approximately 4 ern at the edges and 8 ern
at the center (settlements which occurred before
hardening of the mat concrete are excluded).
At that
date total settlements were less than predicted and the
tilt was on the order of one centimeter towards the
east.
Settlement contours and profiles are shown on
Part A of Figure No. 12.
The largest part of the total mat tilt occurred
early in construction. Most of the one centimeter tilt
to the east existed by the time half of the building
load was in place.
The superstructure forms were
continuously corrected for verticality as the tower was
constructed. As a result, MesseTurrn was constructed as
a vertical structure.
5.2

Extensorneter Measurements

Extensorneters were installed at various depths in
the soil in order to measure the distribution of
settlement with
depth.
The
locations
of
the
extensorneters are shown on Figure No. 6. The depths of
the extensometers and three series of data are shown on
Figure No. 13. Extensometers TP 1 and TP 2 are outside
of the mat while Extensorneter TP 3 is located at the
center of the mat. Extensorneter measurements indicate
that about half of the total settlement has occurred
below the tips of the piles and about 20% to 30% of the
total settlement has occurred below a level 70 m below
ground surface.
5.3

Pile Loads, Skin Friction, Soil Pressures

Figure No. 14 shows the unit skin friction at
depth vs. time for instrumented production Pile No. 22
(Test Pile No. 10).
Due to compression of the mat
subgrade by the weight of the mat concrete, the upper
10 m of the pile was initially loaded by negative skin
friction. The influence of negative skin friction was
still observed after 50% of the building load had been
applied.
At completion of the superstructure the
stress pattern had reversed and piles were imparting
building load to the soil for their full length as
intended.
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After completion of the superstructure the loads
on the outer and inner ring piles were measured to be
about 10 to 11 MN (1100 to 1200 tons) while the loads
on the middle ring piles were measured to be about 13
MN (1450 tons).
This is shown graphically on Figure
No. 15.
These measurements indicate that the desired
equalization of pile load was almost achieved.
The total contact pressure between the mat and
subgrade soil was measured by 11 pressure cells at
subgrade.
Water pressures were measured by a porewater gage under the mat at the center and by
piezometers around the perimeter of the mat.
At the
completion of the superstructure, the average effective
stress under the foundation mat (total load minus
buoyancy divided by mat plan area) amounted to about
165 kN/m2 (1.7 tons per square foot). The distribution
of pressure is not uniform.
Soil pressures measured
beneath the center of the mat are higher than pressures
measured at the edges.
The variation based on
generalized block distributions is shown on Figure No.
16.
5.4

Load distribution, piles and mat

The distribution of load between the piles and the
mat throughout construction is shown on Figure No. 17.
Upon completion of the superstructure, about 55% of the
dead load of the building was transferred to the
subsoil via the piles while the remaining 45% of dead
load was transferred directly to the soil by the mat.
This corresponds to one end of the range of assumptions
made in the original design analysis.
6.

U-BAHN
(SUBWAY)
CONSTRUCTION
FOUNDATION OF MESSETURM

INFLUENCE

ON

The U-Bahn extension in the street known as
Friedrich-Ebert-Anlage passes along the northeast edge
of MesseTurm.
The relative position of the U-Bahn
construction is shown on Figure No.
18.
The
construction includes mining two circular tunnels using
the "New Austrian Tunneling Method" (NATM). A 16 m (52
ft.) deep station is being constructed 47 m (155 ft.)
east of MesseTurm using open cut excavation methods.
The station excavation is supported by soldier piles
and lagging.
Construction of the tunnels and deep open cut
station requires dewatering.
The U-Bahn authorities
selected a
system of deep wells to accomplish
construction dewatering.
Groundwater must be drawn
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down more than 12 m (39 ft.) at the tunnel, resulting
in a wide area of influence.
A section through
MesseTurm showing the future tunnels and required
dewatering is shown on Figure No. 19.
The
U-Bahn
construction
period
will
be
approximately four years for the tunnels and six years
for the station.
Dewatering will be required for a
substantial part of construction.
Groundwater drawdown below MesseTurm reduces the
buoyancy of the building, increasing the load on the
mat and piling. Since the dewatering is on one side of
the building only, the phreatic surface or drawdown
line will vary across the footprint of the building.
The differential load change will produce differential
settlement.
Various procedures were examined in an attempt to
compensate for the effect of construction drawdown and
to mitigate tilt. These included modifications to the
proposed dewatering system to reduce the area of
influence or shorten the time of dewatering, and
various schemes of cut-off construction to protect
MesseTurm.
It was concluded that the most effective
method of minimizing differential drawdown across the
base of MesseTurm would have required the installation
of a cutoff wall between the U-Bahn and MesseTurm. The
cutoff could have been constructed as either a
diaphragm wall, as a series of interconnected bored
piles, or by the "Beam injection method."
Other
methods of cutoff, such as grouting or ground freezing,
were considered to be potentially less effective.
Modifications to the dewatering well pattern,
a
recharge system or an accelerated U-bahn work program
were considered to be least effective.
Meetings were held with the U-bahn authorities to
discuss potential impacts.
A monitoring program was
planned
which
included
frequent
piezometer
and
settlement
measurements.
In
the
event
that
measurements indicate that action need be taken to
protect MesseTurm, one or more of the corrective
procedures
can
be
implemented.
As
a
last
consideration, the tunneling and dewatering at the UBahn would have to be stopped if it was determined that
the dewatering was having a detrimental effect on
MesseTurm.
Excavation for
beginning of 1990.

the Station Messe began at the
Pumping began from six wells on

Mat Foundations

171

February 13 and continued at a relatively low quality
of about 60 m3 fh until the end of April.
Figure No. 20 shows measured ground water drawdown
below normal levels at the end of April for the four
corners of MesseTurm.
The measured increment of
settlements during the same period of time is also
shown.
The incremental settlement is clearly related
to the amount of drawdown.
The maximum differential
settlement amounts to about 0,7 em and occurred between
the east and the west corner of MesseTurm in agreement
with the maximum differential drawdown of 3.1 m ( 10
ft.).
During the same period of time the pile loads
increased about 5%, whereas the raft pressure cells
indicated a small increase until March. The effect of
this can be seen in the effective soil pressure plots
shown on Figure No. 16.
Initially the increment of
load was carried by the mat. Gradually that load was
redistributed to the piles as shown on Figure No. 17.
Beginning in May of 1990 the amount of U-Bahn
dewatering increased. By September 1990, the measured
drawdown was about 9.7 m and 11.2 m (32 ft. and 37 ft.)
along the southwestern side of MesseTurm and about 11.2
m and 12.5 m (37 ft. and 41ft.) along the northeastern
side. The additional drawdown was relatively uniform
across the width of the building and produced
additional settlement of about 1. 0 em (southwestern
edge) and 1.4 to 1.7 em (northeastern edge) as
summarized on Figure No. 20.
Groundwater
lowering
for
U-Bahn
construction
continued at a relatively constant condition from May
1990 through February 1992. Settlement data available
to us extends through July 1991 and is shown
graphically on Figure No. 12 and in tabular form on
Figure
No.
20.
Differential
settlement
since
completion of the super- structure had increased to
approximately 3 em along the north-south diagonal of
the mat. This represents a slope of 1:2800. Clearly
the U-Bahn construction has had a great effect on
MesseTurm.
7. FINAL REMARKS
The piled-raft foundation used for the support of
the MesseTurm reduced overall settlements and tilt as
was expected.
The variation of pile length and
position achieved the distribution of load which the
designer intended.
Instrumentation has permitted
monitoring of the structure performance throughout
construction. It has also permitted the monitoring of
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the effects of external dewatering on the performance
of the foundations.
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Moss Concrete Pour Techniques
for the Mot Foundation
of 11 00 Alokeo Plaza
by A. R. Dar, J. C. Bravo, A. Sarwar, and H. Hamada

Synopsis: In large concrete pours the heat of hydration, which
continues to build for several days, is a major cause of concern for
structural engineers. As the surface of concrete cools off, a thermal
gradient is formed across the concrete section which can cause the
concrete to crack. This paper verifies that by keeping concrete warm
and preventing the heat from escaping rapidly the temperature
difference within the mass can be minimized and thus reduce the
potential for thermal cracking. Use of this technique made possible
the largest monolithic mat foundation pour in the State of Hawaii,
without construction joints and without artificial cooling of concrete.

Keywords: Concretes; construction joints; heat of hydration; joints
(junctions); mass concrete; mat foundations; thermal gradient;
thermocouples
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INTRODUCTION

Massive structural concrete pours traditionally present potential
problems for structural engineers and contractors. The hydration of
portland cement in concrete generates heat which continuously
increases the temperature of the concrete mass for several days. The
amount of heat generated and the resulting increase in temperature of
the concrete mass is a function of the amount of cement per unit
volume of concrete and the chemical composition of cement used.
The increase in temperature of concrete and the associated cracking
of concrete has always been a cause for significant concern for
structural engineers.
The design team and the contractor for 1100 Alakea Building in
downtown Honolulu were presented with similar concerns. The
building, which rises 32 stories above ground and has a 6-story
basement for parking, is supported on a concrete foundation mat
(Fig.1 ). The mat is approximately 25,000 SF (2323 SM) in plan with
thickness varying from 5 ft. (1.524M) along the edges to 11 ft.
(3.353 M) under the tower. During the research conducted to find a
cost effective and structurally feasible construction solution, it was
discovered that a technique developed in England 1 makes it possible
to pour massive structural concrete without construction joints and is
particularly useful for large concrete mat foundations.
The technique is based on the premise that the real problem in
massive concrete pours is not the total amount of heat generated
from the hydration of cement, but rather the temperature gradient
within the concrete mass. It is suggested that once the temperature
differential exceeds 35°F ( 19.5°C), cracking of concrete ensues. The
solution so implied would lie in keeping the rate of loss of heat from
the mass concrete to a minimum. The controlled release of heat from
the mass would result in relatively higher, yet more uniform
distribution of temperatures within the concrete mass, which is
contrary to the traditional method requiring cooling of concrete. This
technique was used successfully for the concrete mat foundation for
1100 Alakea Building project where approximately 9,100 CY (6956
CM) of concrete was placed in a single 19 hour pour.
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Foundation Selection
The triangular shaped tower with a relatively small foot print of
approximately 6,000 SF (557 SM) is located eccentrically on the
building site (Fig.2). Use of a mat foundation was recommended by
the geotechnical consultant based on the results of soil investigations.
With the tower eccentrically located, one alternative was to separate
the mat under the tower from that supporting the adjacent basement
parking structure to avoid high differential pressures under the
foundation.
This would have necessitated that a construction
separation joint be maintained around the tower until completion of
the tower construction. Since the mat is 65 feet (19.8M) below
grade and 45 feet ( 13. 7M) below the high water table mark. This
alternative would have required an enormous amount of pumping over
the two year period of construction. Subsequent discussions with the
contractor and the owner resulted in elimination of the separation joint
requirement by providing a single monolithic mat foundation designed
to resist the eccentric tower loads thus creating a stronger more water
tight foundation, while simplifying the construction procedure and
reducing construction time and cost.
Method of Construction
The decision to avoid construction joints presented the challenge of
making a mass concrete pour involving roughly 9,100 CY (6956 CM)
of concrete. The method of placing concrete in itself presented a
major challenge of placing a peak of 600 CY (458. 7 CM) per hour. In
addition, large volume cast-in-place concrete with large overall
dimensions require that measures be taken to cope with the
generation of heat and the attendant volume changes to minimize
cracking. Following are several methods and techniques that are
traditionally employed, either singularly or in combination, to mitigate
the problem:
1.

Limiting the size of concrete pour by introducing vertical
and/or horizontal construction joints.

2.

Limit the cement content in concrete.

3.

Use of low heat cement.

4.

Cool the concrete aggregates.
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5.

Cool the freshly placed concrete by running chilled water
lines in the concrete.

6.

Avoid external restraints.

Limiting the size of concrete by using construction joints was not a
preferred solution due to various reasons. The concerns for possible
infiltration of water into the basement through these construction
joints, and the perceived difficulties in running structurally sound
construction joints through heavy reinforcing steel for the mat and
associated cost, were two of the main reasons. Based on these
concerns, the contractor certainly preferred monolithic pour for the
mat.
This presented a challenge to find a cost effective method for dealing
with heat that would be generated within the concrete mass for the
mat. Literature research on the subject brought to light a technique
developed in England 2 , addressing the problem of heat of hydration for
massive structure concrete elements. By documenting an example of
a construction project, it was practically demonstrated that crack free
massive concrete structures without construction joints can be
produced with modest precautions aided by favorable climatic
conditions.
The theory behind this technique explains that in large concrete
sections the heat of hydration, which is generated continuously for
several days, does not dissipate quickly and causes an increase in the
concrete temperature. As the external surfaces cool off, a thermal
gradient across the section is crated.
When the temperature
differential across the gradient exceeds 35°F (19.4°C) cracking
generally occurs. It further suggests that by keeping the surfaces of
mass concrete covered and preventing the heat from escaping rapidly
this temperature differential within the mass can be minimized.
Numerous meetings and discussions took place between the owner,
architect, consultant and contractor. The capability of batching and
transporting concrete, concrete placement by pumping and methods
of delivering concrete to actual in place locations were discussed in
detail. As a result of these meetings and discussions the following
guidelines were formalized in order to achieve a single monolithic joint
free mat, with minimized potential for cracking.
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1.

Use type II cement to reduce heat of hydration.

2.

Reduce the cement content in the design mix (use
concrete with specified compressive of 4000 psi
(26. 7x 103 kPa) at 60 days instead of 28 days).

3.

Schedule pour for the most advantageous day and time.

4.

Monitor the thermal variation inside concrete mall.

5.

Curing of concrete to be done using a curing compound
instead of curing with water.

All the above were logically and physically practical factors which
could be controlled without a negative impact on cost and quality.
Predicting Temperature Rise in Concrete
The contractor engaged CTL Laboratories to carry out a theoretical
exercise to predict concrete temperatures. A theoretical maximum
temperature of 178aF (81 .1 ac) at 3. 5 days, based on ACI 207. IR-87 3
was predicted with max differential temperature in the range of 50°F
(27 .8°C). It is of importance to note that the ACI Code of Standard
Practice (in the knowledge of the Authors) does not limit the
maximum temperature rise in concrete. Arrangements were made in
coordination with the contractor to instal thermo-couples in concrete
mass to monitor the temperature rise. In all, 24 thermocouple gauges
were places at 10 different locations at varying depths (Fig.2).
Reading of the thermo-couples were scheduled at 0 hours (which was
about the time the pour would be completed). every 4 hours over the
next 24 hours, every 8 hours until the concrete had aged to 88 hours,
every 24 hours until concrete had aged to 328 hours and at 48 hours
thereafter until the concrete had aged to 28 days.
Execution of Construction
The pour began at 6:00 p.m. on Friday, April 19, 1991. The timing
was decided with due consideration to:
1.

Cooler temperatures at night would allow a major portion
of the 19 hour pour to be in place before the ambient
temperature would start to rise the following day.
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2.

Reduced traffic congestion on Friday night and the
following day (Saturday) would minimize delays of
concrete delivery.

The actual pour (Fig. 3) went as scheduled with no major breakdowns
reported. The pour was accomplished with 80 concrete trucks
delivering over 900 truck loads of concrete, 7 concrete pumps and
manpower of about 240 people working in three shifts. This record
pour of 9,031 CY (6904 CM) was completed in 19 hours. The
weather during the pour was relatively cool for Hawaii with a light
drizzle recorded in the early hours of the morning. The temperature
of concrete delivered at site varied between 76°F (24.4°C) during the
night to 88 OF (31.1 °C) during the day. The ambient temperature
during the pour varied from 75°F (24.9°C) at night to 89°F(31.7"C)
during the day. After completion of the pour, a curing compound was
applied to the surface.
Field Observations
The thermocouple locations are summarized in Fig. 2. At most of
these locations three thermocouple were placed at 2ft. (0.6M) below
the top of the mat, at mid-height and at 2 ft. (0.6M) above the
bottom of the mat. Typical readings from these thermocouple are
shown as Fig. 4.
The readings labeled TP1 were taken at
approximately the center of the mat in the 10.5 ft. (3.2M) thick
section. Study of Fig. 4 indicates that the highest temperature was
recorded at mid-height and the lowest temperature was recorded at
the top of the mat as would be anticipated. The recorded maximum
temperature was 166aF (74.4 ac) and it occurred at 88 hours (3. 76
days) after casting.
A maximum differential (Fig.4) temperature of 33aF (18.3 ac) was
recorded at TP-3 at 96 hours between the top and the middle gauges.
The measurements taken at location TP-7 are also summarized in Fig.
4. At the TP-7 location, the mat is 7.2 ft. (2.195 M) thick. At this
location, only top and bottom thermocouple were placed in the mat.
As expected, the smaller mat thickness yielded a lower maximum
temperature. The measurements showed no effect of horizontal
position. That is, those thermocouple placed in the 11-ft. thick
sections behaved similarly. The measurements depended on the mat
thickness, and their vertical location. In all cases, the mid-height
gages recorded the maximum temperature at each location. The
thicker the mat, the higher the temperature recorded.
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Field Measurements vs. Finite Element Model
As a result of this construction project, a research project was started
at the Civil Engineering Department, University of Hawaii, to
determine if finite element programs are capable of simulating
temperature history of mat foundations. The finite element program
COSMOS was used to simulate the measurements taken at another
high rise project. The mat for this second project was 6.5 ft. (1.981
M) thick. The following summarizes the details of the finite element
computations:
Nodes: 1244
Concrete Elements: 904
Soil Elements: 224
Properties

Concrete

Conductivity: BTU/ft hr oF (J/m.hr.°C)
Unit Weight: PCF (KG/M 3 )
Specific Heat: BTU/Ib oF (J/kg.°C)

0.47 (0.8139)
140 (2245)
0.27 (1129)

0.739(1.2797)
90 (1443)
0.21 (878)

Surface Air: 90 °F (32.2 °C)
Side Boundary: 80°F (26. 7°C)
Bottom Boundary: 60°F (15.6°C)
Cosmos is not capable of generating the heat of hydration. The
computer simulation began when the maximum temperature was
attained and the temperature decay with time was simulated.
Fig. 6 shows the comparison of the measurement and computer
simulated temperature at this other project. The results correlate well.
The measurements taken at 1100 Alakea are in the process of being
compared with the Cosmos program but results were unavailable at
the time of this paper.
SUMMARY
The project verified that the traditional techniques requ1nng
construction joints and/or artificial cooling of concrete to mitigate
potential for thermal cracking are not essential for casting crack-free
massive structural concrete mat foundations. The artificial cooling of
concrete mass may actually be detrimental as it may increase the
maximum differential temperature within the concrete mass, and
therefore initiates thermal cracking. To achieve crack-free massive
concrete pours, the goal should be to keep the temperature variation
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within the concrete mass to a minimum, which could be achieved by
insulating concrete mass.
The field measurements recorded verified present techniques for
predicting hydration heat generation; thus making it possible to
determine construction procedures to cast massive concrete volumes
without thermal cracks.
Concrete hydration temperature is controlled by limiting cement
content, by using low heat of hydration cement, by cooling the
concrete aggregates, and by using chilled water for batching. All four
means were employed in this project.
Using ACI 207 techniques it is possible to predict, the maximum
temperature and the time when it occurs, fairly accurately.
It is possible to accurately predict heat loss from the concrete mass
using finite element programs such as COSMOS.
The measured temperature did not show horizontal spatial
dependence. The vertical thermal gradient was measured. the
highest temperature was recorded in the thickest part of the mat.
The maximum temperature differential measured was 33°F ( 18.3°C),
which is less than the maximum differential temperate of 35°F
( 19.5°C) considered critical by FitzGibbon 1 •
No cracking of concrete in the mat foundation was observed.
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Geotechnicoi-Strurturol Interaction
for Innovative Mot Design
by C. N. Baker, Jr.

Synopsis:
The paper describes three innovative mat foundation designs and the
close interaction between the structural engineer and the geotechnical
engineer that was required.
The significance of load deformation
prediction reliability in the three different soil profiles is illustrated. The
cases reviewed include a 3 story oftice building with single basement
built on a mat over peat; a 26 story apartment building with I basement
built on a modified mat in a thin dense sand stratum over soft clay; and
a 19 story hotel with 2 basements built on a mat in a sand layer over
medium clay. The mat of the 19 story hotel was supplemented with
selective high capacity piles at the column locations designed to ultimate
soil capacity at working loads and utilized to reduce both mat settlement
The instrumentation utilized to confirm
and design mat thickness.
design assumptions in the three cases is briefly described.

Keywords: Deformation; loads (forces); mat foundations; piles;
settlement (structural); soils
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INTRODUCTION
The efficient design of mat foundations requires accurate prediction of
the load deformation properties of the supporting medium.
This
information is normally provided to the structural engineer by the
geotechnical engineer based upon structural load information developed
by the structural engineer. The def01mation prediction is typically in the
form of a settlement prediction based on the assumed loading condition.
However, the structural engineer may ask for a suhgrade reaction
modulus value which he can use in his finite element program for mat
design. Since the subgrade reaction modulus is not a unique value in
most soils. but is dependent on the assumed width of the loaded area.
there is the potential for miscommunication between geotechnical
engineers and structural engineers in the selection of spring values for
use in mat design finite element programs.
The author's recommended approach is to take the predicted settlement
based upon the assumed loading condition and hack calculate the
equivalent subgrade reaction moclulus values which can then be used to
calculate the equivalent springs under the various portions of the mat.
Ideally. the resulting mat soil pressure diagram should then he reviewed
by both the geotechnical engineer and the structural engineer to see if
the settlement prediction should be modified and another iteration
ped'ormed.
In addition to assuring more likely use of appropriate
springs in mat finite element programs. with good interaction between
the structural engineer and geotechnical engineer discussing how the
structure. mat and supporting soils are going to interact together. it is
sometimes poss.ihle to use the soil-structure interaction in relatively
unique and cost savings ways. The purpose of this paper is to show the
following:
I.

How close cooperation between the geotechnical engineer and the
structural engineer can solve foundation problems and permit
innovation leading to more cost effective foundation design and
construction.

2.

The significance of load deformation prediction reliability.
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The importance of instrumentation to confirm or modify design
assumptions.

Three cases will be described to illustrate the above points.
More
specifics on the cases can be obtained from the individual references.
Case A
The Project and Problem -- The project consisted of a three story
office butldmg w1th a part1al basement to he huilt at a peat bog site in
upstate New York covered by fill contaminated by 70 years of prior site
industrial use (Baker. 1988). The prohlem was how to safely support
the structure without creating possible contamination problems in a
usable aquifer in a deeper granular deposit separated from the peat hog
by a thin aquaclude. Deep foundations were ruled out by the owner for
fear of penetrating the aquaclude and causing contamination of the
underlying aquifer.
The problem was complicated hy the fact that the structure had to
connect directly to another structure supported on footing foundations in
granular soil just outside of the peat bog area.
THus. differential
settlement between structures was of concern. The structural engineer
felt that he could design for a certain amount of differential settlement if
it could be predicted reliahly.
Solution -- The solution worked out hy the geotechnical and
structural engineers (and architect) was to convert the partial basement to
a full basement and to support the structure on a mat foundation
designed so that the weight of fill and peat soil removed was equal to the
weight of the mat and supported structure. The projected settlement was
then equal to the recompression of any rebound occurring during
excavation plus any continuing long term secondary compression from
the in-place surface fill (70 years old).
The soil profile is shown in Figures I and 2.
The geotechnical engineer's role was to predict the short term settlement
occurring during construction and also any long term secondary
compression.
Details of the project including the investigation and
testing are noted in (Baker. 1988). From consolidation testing and insitu pressuremeter testing. a maximum initial settlement following
Based upon past
excavation rebound of 4 inches was calculated.
experience of actual settlements being somewhat less than predicted. a
maximum prediction for immediate settlement of 3 inches was made with
an additional long term secondary compression over a 50 year period of
3 inches more. Because of the varying thickness of peat under the mat.
approxiamtely 2/3 of the predicted settlement could end up as
differential settlement.
In order to minimize the effect of differential settlement. the basement
was designed to be water tight so that it could be filled with water as
soon as completed. thus putting the full building load on before the
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building was actually constructed and thereby causing some of the
settlement in advance and reducing future settlement. The plan involved
pumping water out of the basement as the upper floors were constructed.
making certain that the total load never exceeded the design load (or the
weight of prior soil removed).
The design of the mat foundation was based on calculated Winkler
springs. The mat area was divided into sections based on the thickness
of the underlying peat and the predicted settlement. The springs were
calculated based upon the design hearing pressure and predicted
settlement.
To handle the anticipated settlement in order to maintain all floors level.
extra long anchor bolts were installed under each steel column with
double nuts for adjustments.
Adjustments were not made until just
before the moment frames were connected together.
During steel
erection, all beams to column connections in a moment frame were
partially tightened initially with final column height adjustments and
tightening of all loose bolts made after monitored settlements were
considered to be relatively stable.
Instrumentation -- In order to monitor the performance of the
constructiOn anoto check the design parameters. heave markers were
installed prior to excavation and piezometer points were installed prior to
mat construction. The heave markers ere installed in boreholes placed
about 3 feet below planned mat grade and the elevation of the heave
markers was monitored before and after excavation to determine the
amount of heave that occurred during excavation. The elevation of the
marker was then noted after mat placement. and during building
construction. The pore pressure buildup and dissipation following mat
placement and building construction was also monitored in the
piezometer. The results are shown in figure 3.
Results -- The results shown in Figure 3 agreed well with predictions.
The---.naxl"mum heave in the thick peat area was slightly in excess of 3
inches and the amount of settlement during construction of the building
was approxiamtely 3 inches. The building has not been completed for
approximately four years and according to all reports has performed
satisfactorily.
Case B
Project and Problem -- Case B consisted of a 26 story apariment
buildmg wrth one basement built in I 972 on the north side of Chicago
along the lakefront in a dense sand layer overlying soft clay. underlain at
a depth of 45 feet by a dense silt and fine sand layer. followed by hard
silty clay at 60 feet as shown in Figme 4 (Baker. 1975). Normally in
Chicago. buildings of this height were supporied on deep foundations
typically consisting of belled caissons on hard clay or hardpan. Mat
foundations are normally more expensive because of the amount of
concrete required and are less desirable because of the settlement
predicted. However. the cost analysis made by the developer in this
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project indicated that a mat foundation could save money over caissons
(considering possible construction contingencies with the sand and silt
layer overlying the hard clay bearing strata) particularly if a way could
be found to reduce the normal mat thickness. A potential problem was
the high anticipated stress level in the soft clay just below the dense sand
layer in which the mat would be founded.
Solution-- In developing a solution for the problem described above.
initlaiCofiSideration was given to utilizing spread footings in the dense
sand layer with the dense sand layer basically acting as a mat, spreading
out the stresses from the individual footings so that the stress in the soft
clay would be similar to that resulting from a true mat foundation.
However, because of the high computed stress levels in the soft clay. it
was decided to utilize a modified mat to tie the foundations together. but
In order to make the
take full advantage of the dense sand layer.
structural mat as thin as possible and minimize the need for dewatering
to construct the mat and save concrete costs. the mat was put in contact
with the ground only in the area of the columns and walls while
separating the mat from the soil with 4 inch high cardboard boxes (.lAY
voids) in those zones between columns and walls. The size of the zones
for the loaded areas were dete1mined exactly like individual footings
based on the recommended maximum allowable soil bearing pressure of
6 ksf.
By concentrating the soil pressures where the loads are. bending
moments and steel requirements are greatly reduced. The result is a
cross between a mat and spread footings. or what amounts to structurally
connected spread footings. Reinforcement was determined by computing
the moment due to the soil pressure exactly as in spread footings.
Unlike the case of a spread footing. however. this moment is resisted not
only at the face of the column (by the bottom steel mat and the
supplemental bars). but also by top steel mat (above the edge of the
pad). The capacity of the mat is computed by taking into consideration
a width equal to the pad width plus three times the effective depth of the
mat (except where this would have resulted in overlap). It was assumed
that the steel mats work to their capacity and that supplemental bars
were required only for the excess moment. Such an approach obviously
disregards compatibility of deformations: thus. it amounts to limit
design. It was deemed permissible however. because of the very low
reinforcement ratios. The work was pe1formed prior to the wide spread
usc of finite element programs to solve the static indeterminacy of the
structure. While the assumptions used in the design did not follow
Winkler's assumption of unconnected springs. they did not appear
unreasonable.
Instrumentation -- In order to monitor the performance of the
structure and behavior of the soft clay during building construction. an
instrumentation program was initiated involving monitoring pore pressure
in the soft clay (south piezometer at center of mat and north piezometer
at the edge of the mat). making lateral strain measurements in the soft
clay with two inclinometers. and monitoring building settlement. Based
on theoretical stress levels in the soft clay. significant dissipation of pore
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pressure buildup in the soft clay was required during construction to
maintain adequate factors of safety. Provision was made for slowing
down construction if pore pressure dissipation did not occur quickly
enough.
Results
The instrumentation monitored during construction
indlcUted the structure performed better than anticipated. Pore pressure
dissipation was faster than anticipated. resulting in maintaining adequate
shear strength in the soft clay without having to slow down construction.
Lateral strain in the soft clay was negligible based on the inclinometer
readings (maximum strain of 0.21 inches) and total and differential
settlement were less than anticipated (see Figures 5 and 6). Maximum
settlement at end of construction was slightly over I inch with maximum
differential settlement slightly over I /2 inch.
Maximum predicted
settlement assuming normally consolidated clay was 4 inches. Thus. it is
probable that insufficient recognition was given to possible
overconsolidation (preconsolidation) effects in the soft clay. While postconstruction settlement is unknown. the building has performed
satisfactorily for 20 years with no reported settlement effects.
Case C
Prhjec: and Problem -- The Case C project involved a mat foundation
for
that was part of a large shopping and office building complex
near Washington, DC (Baker. 1991 ). Immediately adjacent on one side
was a four story department store and on the other side a hotel lobby
area and twelve story office tower. A cross section through buildings
involved indicating their respective lower level grades is shown in Figure
7.
Initially. the adjacent department store was to be supported on
footing foundations as was the adjacent hotel lobby area. The soil
profile for the site is summarized in Figure R.
The geotechnical engineer had predicted settlements ranging from I to
I .5 inches for the footing foundation supported structures and 2 inches
for the hotel tower mat foundation. Peer review by the department store
geotechnical consultant indicated a serious difference of opinion on
projected settlement with the department store consultant believing the
hotel tower mat foundation settlement would he excessive (more than
twice predicted) and have adverse effects on the department store footing
supported foundations. The department store owner decided to support
his building on pile foundations creating a potential significant
differential settlement problem between the mat supported hotel and the
connecting department store.
The problem then became how to
economically reduce the settlement of the hotel tower without creating
new differential settlement problems with the footing supported hotel
lobby area. Switching to a pile foundation was considered. hut the costs
were high and this would have increased the differential settlement
rl'lative to the adjacent footing suppotied lobby area.
Solution --The solution inYolved the following design concept: when
piles are normally used in f(lundation design. they are designed typically
to have a factor of safety of at least 2 against soil failure. Building
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codes usually restrict the stress level in the pile member to significantly
less than 50% of the yield stress of the steel for structural capacity of the
member. unless a higher stress level is substantiated hy load test.
However. where the primary purpose of the pile is to reduce or control
settlement rather than to increase the factor of safety against hearing
capacity failure. it becomes possible to utilize a higher than normal pile
stress level consistent with desired settlement objectives.
Figure 9
illustrates the design concept and a representative pile load denection
curve for a pile embedded in clay and a pile embedded in sand. Because
of the curved shape of the load deflection curve. the pile butt denection
at soil failure as defined by the Davisson offset line criteria can be three
to four times or more the settlement of the butt when the pile is loadetl
to half the soil failure limit (the more typical pile design load case).
Thus. if the predicted settlement of a mat foundation is greater than
desirable. the mat settlement can be reduced and controlled by utilizing a
selected number of piles located directly under the columns. The piles
can be designed to take the full load up to the soil capacity. The mat
soil system can be modeled with soil springs. with the spring values
calculated from the initial mat deflection prediction. and the pile load
dellection prediction. The ultimate settlement of the mat pile system can
be controlled by the number of piles incorporated. A major advantage
to the concept. in addition to control of settlement. is the reduction in
mat thickness made possible by the more efficient transfer of load
through the piles.
A limitation of the effective use of the design concept is the ability to
predict the pile soil capacities such that the load on the driven pile will
always fail the soil before failing the pile structural member itself. In
sizing the piles to he used. a theoretical maximum pile stress at predicted
soil failure of equal or less than 50% of the yield strength is
recommended for steel piles. This insures a normal minimum structural
factor of safety of 2 against pile failure.
On this project. a sufficient number of piles was utilized so that at a
settlement equal to the predicted soil capacity by the Davisson criteria.
approxiamtely half the load would he carried in the piles with tips
embedded in a dense sand hearing strata and half the load would he
carried by the soil supported mat. Predicted settlement was reduced in
half to approximately I inch from the 2 inch predicted for the mal alone.
Reinforcement in the mat was hasecl on precliclecl moments and shears
obtained hy a finite element program utilizing the appropriate calculated
spring supports for the mat and the piles. These moments were then
The reinforcement was also
factored for ultimate strength design.
checked to make ce1iain that the yield strength of the steel was not
exceeded even if all the load were theoretically taken by the mat. rather
than distributed between the mat and piles.
Instrumentation
The instrumentation program consisted of
momtonng the pdes during pile driving with a Pile Driving Analyzer so
to be sure that the piles would exceed the soil capacity before exceeding
50% of the yield strength of the steel. The piles were also monitored
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during a retap program to note the capacity after any ground freeze
efforts.
As a check on how the actual loads were carried hy the mat pile system.
five representative production piles were instrumented with strain gages
and Glotzl earth pressure cells were installed beneath the mat to monitor
actual load distribution in the mat pile system during construction.
Unfortunately. the strain gages are believed to have been damaged when
the contractor. without the engineer's knowledge. compacted sand
backfill around the pile head to have a firm uniform suhgrade for the
lean concrete mud mat placement preparatory to the main mat concrete
placement.
Results -- None of the strain gages on the piles gave consistent
reproducihle results. and therefore were discounted. THe results of the
pressure readings taken at different time intervals during construction
were more consistent. but indicated an actual mat pressure somewhat
greater than indicated by the finite element program. utilizing the
calculated springs.
Using the pressure cell readings calibrated under the fluid pressure of the
mat concrete before initial set. the average pressure beneath the mat at
the completion of the dead load construction was I04 Kpa. whereas the
originally calculated pressure based on the assumed stiffness properties
for the soil and piles was 75 Kpa. This means either that the pile
springs are softer than assumed. or the soil suhgrade is stiffer than
assumed.
There is a possibility of some continuing secondary
consolidation under the mat. gradually transferring additional load to the
piles. bringing the actual pressures closer to predicted. hut unfortunately
it will not be possible to check this possibility as lines to the pressure
cells are no longer available.
Further interpretation of the data is made even more complicated hy the
fact that no accurate settlement measurements were taken despite
requests by the engineer. However. hnth the contractor and the owner
report no "measurable" or "noticeable" settlement and the "solution"
was considered successful.
CONCLUSIONS
I.

The three case histories described illustrate how close cooperation
between the geotechnical engineer and the structural engineer can
solve foundation problems and permit innovation leading to more
cost effective foundation design and construction.

2.

The three cases also illustrate the significance of load deformation
prediction reliability.
In Case A involving the mat in the peat hog. settkment prediction
and settlement observed were fortunatelv verv close. since error on
the high side would have been very detriment;il.
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In Case B involving the modified mnt on dense sand over soft clay.
observed setllement was significantly less thnn predicted with only
benellcial results derived therefrom.
In Case C involving the reduced thickness mat and selective
supplementary piles' designed for soil capacity failure. design
redundancy permitted sntisfnctory performance even with a
significant range in load versus deformntion prediction for the
supporting medium.
3.

Geotechnical instrumentation proved very useful in explaining the
performance of all three projects. The data obtained confirmed the
design assumptions on one project (Case A) and resulted in
modifying design assumptions favorably on two projects (Cases B
and C).
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Tallest Building in the Texas Medical
Center: St. Luke's Medical Tower
by E. J. Ulrich, Jr. and C. J. Ehlers

Synopsis: The St. Luke's Medical Tower is the Texas Medical Center's
tallest building and Houston's tallest building to open the 1990 decade.
The combination of the following unique foundation features reduced
development costs by over $1 million: (1) tallest soil-supported building
on shallow foundations in the Southwest; (2) the temporary dewatering
system was designed to function as the permanent system; (3) the
excavation-bracing system was designed to form the permanent basement
wall, and only the individual braces were temporary; (4) basement walls
are designed to accept loads from future contiguous towers; (5) drilled
pier solider piles were installed with polymer drilling fluid-the first use on a
major Texas project; and, (6) the drill pier soldier piles were installed in
accordance with the new American Concrete Institute Standard
Specification for the Construction of Drilled Piers (ACI 336.1-89), the first
known use of the specification. The factored load condition was
considered fictional in foundation and basement wall design in that
factored load-concrete-subgrade compatibility was not achieved.
The significant cost savings were achieved by allowing the
geotechnical engineer to be part of the design team beginning with project
concept studies and extending throughout underground construction. The
geotechnical engineer and the team developed feasible foundation
schemes that could be integrated into construction needs instead of
relying only on specialty design builders.

Keywords: Braces; drilled piers; mat foundations; piles; slurries
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Edward J. Ulrich: Over his 25 year career and as a principal with Ulrich
Engineers, Inc., Mr. Ulrich has consulted on the foundation engineering for
the world's tallest soil supported buildings. He has a BCE from Georgia
Tech and an MSCE from the University of Illinois. He is secretary and
past chairman of ACI 336.
Clarence J. Ehlers: As a principal with Ulrich Engineers, Inc. Mr. Ehlers
directs earthwork and foundation engineering projects as an investigator,
designer, and construction manager. He has a BSCE and MSCE from
He directed the foundation design and
The University of Texas.
construction of the first offshore drilled piers.

St. Luke's Medical Tower emerged as the Texas Medical Center's
tallest building and Houston's tallest building to open the 1990 decade,
unlike the super towers such as the 75 story Texas Commerce Tower, the
64-story Transco Tower, and the 72-story Allied Bank Plaza, which
catapulted the Houston skyline in the early 1980's. The $72 million
development rises to 507ft, 29 stories with three basement levels, and has
many unique characteristics that make the structure a monumental
technical achievement to begin the assault on the 21st Century.
The combination of several unique foundation features reduced
development costs by over $1 million. In summary, these foundation
design features are:
o

the development is the southwests' tallest soil supported
building on individual shallow foundations;

o

the temporary dewatering system needed for construction
was designed to serve as both the temporary and
permanent system;

o

the excavation-bracing system was designed to form the
permanent basement wall, and only the individual braces
were temporary;

o

basement walls are designed to accept loads from future
contiguous towers;

o

drilled pier soldier piles were installed with polymer drilling
fluid- the first use on a major Texas project; and
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the drill pier soldier piles were installed in accordance with
the new American Concrete Institute Standard Specification
for the Construction of Drilled Piers (ACI 336.1-89), the first
known use of the specification.

This technical presentation focuses on the foundation design and
construction features of the project. Foundation considerations were a
vital factor in the project development and provided a pivotal role during
project feasibility because of the needed excavation depth and influences
by neighboring facilities. Ulrich Engineers, Inc. served as geotechnical
engineers to assist project development, guide foundation design, assist
in contract document preparation, and inspect foundation construction.
PROJECT DESCRIPTION
Architectural and Structural Features
Building features focus on the future (1). The building has 500,000
gsf of hospital and tenant space with garage parking for 1357 cars. At the
ground level, the structure is a single building covering an area 235.5 ft by
274ft, but breaks into two towers as the structure soars to 507ft, Fig. 1.
The two towers are consistent with the duality concept to the base in that
the building has two main entrances with motor access. The eight levels
of parking with three basement levels are part of the functional design
concept adopted to make the building user and patient friendly yet
maintain patient dignity and privacy.
The tower structure is 130ft by 245ft in plan and has a central core
primarily consisting of shear walls. Shear walls and reinforced concrete
framing support precast concrete elements to form the 8 garage levels
beneath and beyond the tower. The tower is presented in section from
Basement Level 3 to tower spires in Fig. 2.
The street level and Floor 2 contain the entrance lobbies, waiting
room and access ramps to the lower three and upper six garage floors.
Floors 9 through 12 are hospital use floors, with Floor 9 specifically being
an ambulatory surgery center. The remaining floors, 12 through 27, are
tenant floors. Mechanical floors are located in the basement and at the
very top of the building. The tower second floor is linked to the Texas
Medical Center by a 100 ft clear span glass enclosed bridge.
The exterior of the building is clad with silver reflective glass. The
octagonal silver glass forms and such elements as the white metal
mullions, cornice rails and spires, establish this building as the elegant
addition to the Texas Medical Center (1).
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The building expresses crispness, cleanliness, quality, and
progressiveness. The design captures the spirit and architectural
character of Houston and the Texas Medical Center with an uplifting and
optimistic image. The end towers give vertical thrust to the form, bringing
our eyes to the spires and the sky.
The structure consists of combined precast and cast-in-place
concrete clad with reflective vision and spandrel glass. Poured-in-place
concrete forms Basement Levels 1, 2, 3, the street level, tower and above
Level 8. The garage floors, Levels 2 through 8 that extend beyond the
tower, are precast concrete to allow these elements to be built
independent of the tower and take advantage of economical long spans.
Foundation Characteristics
The building foundations are divided into three systems:
o

tower foundations consisting of individual footings, combined
footings and core mats,

o

basement floor and individual footings for the parking
garage, and

o

soldier pile piers which support the exterior parking garage
elements and provide support for future contiguous towers.

The foundation bases locally extend 42 to 48 ft below the street level, and
the Basement Level 3 floor slab is about 36 ft below street level.
The entire tower is the Southwests' tallest building supported by
shallow-open cut foundations in soil. Interior core mats support shear
walls and are 70.5 ft by 49.5 ft and 53.6 ft square in plan with thickness of
6.5 and 7 ft, respectively, Fig. 3. No. 11 reinforcing bars were used in
both mats at 6 in. centers in the bottom and 20 to 22 in. centers for the
top. Exterior tower columns are supported by individual and combined
footings with footing sizes that range from 42.2 ft by 24 ft to 14.7 ft
square. Garage and basement floor foundations beyond the tower consist
of 24 and 30-in.-diameter drilled pier soldier piles along with shallow
footings 9.5 ft square or less.
A total of 287 drilled-pier soldier piles with diameters of 24 and 30
in. spaced 14 in. edge to edge perform the triple function of the soldier pile
retaining wall for the basement excavation, permanent basement wall
structural system, and support for perimeter building loads. The piers
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extend to depths ranging from 42 to 70 ft below street level to satisfy axial
and lateral loads. The finished basement wall is 9-in. thick cast in-place
concrete and extends between each pier to one third the diameter.
SUBSURFACE DESIGN CONSIDERATIONS
Owner costs are minimized if major structural elements needed for
construction can be incorporated into the permanent structure. These
elements are excavation retaining walls and dewatering systems. Often
the combined costs of an excavation retention system and dewatering
system required only to dig an excavation to 40ft may reach $3/4 million.
By incorporating the excavation retaining wall and temporary dewatering
system into the permanent structure, major owner cost savings are
possible; however, the geotechnical engineer must have intimate
knowledge of design and construction details along with a thorough
understanding of the relevant environmental constraints.
Environmental Constraints
The effects of environmental constraints are essential in developing
buildings in urban centers. Present site use, previous site use, adjacent
property development, and underground utilities are among the most
important environmental factors that are considered in foundation planning
and desig!l.
Often environmental considerations and subsurface
conditions govern the substructure design and may control a basement
excavation depth because of cost such as at this site. Ulrich Engineers,
Inc. conducted extensive previous and present land use investigations to
develop preliminary foundation designs, excavation bracing schemes, and
the scope of the site-specific investigation needed to guide the foundation
design for a variety of excavation basement depths.
Results of the previous land use surveys and the development
concept led to the formulation of at least two preliminary basement
excavation designs-one with only tiebacks as the bracing and one with
tiebacks and internal struts.
The investigation findings on environmental considerations are
presented in plan and profile on Figs. 4 and 5. The existing site shown in
Fig. 4 was occupied by the 6-story Kelsey Seybold Professional Building
and 8-story reinforced concrete parking garage. The building had a 15 ft
deep, one level basement that extended to the east and north property
lines and rested on individual spread footings. The west half of the block
contained the parking garage resting upon a complex system of shallow
foundations, combined footings and piers with 12-ft diameter bells that
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extended to 30-ft depth; the bells extended beyond the west property line,
Fig. 4. Sheet piles and drilled piers were used to install garage
foundations along the north and south property lines, Fig. 5.
The remnants of the former Medical Center Bank bordered the
south property line, Figs. 4 and 5. The bank contained a one level
basement with vault and rested upon individual spread footings 14 to 17
ft below street level. A subfloor drainage system was detailed on old
Interview results lead to the conclusion the basement and
drawings.
foundations remained in place.
The 16-story Medical Towers Building borders the north property
line along with the building motor access ramps. The building contained
an irregularly shaped two level basement, and construction documents
could not be located for the building. Motor access to the building was
achieved by earth supported driveways restrained by cantilever retaining
walls whose footing bases reached the site property line, Fig. 4.
An intricate system of underground utilities existed on the east and
west municipal right-of-ways. The utilities were at varying positions and
depths.
Damage to the adjacent property could not be tolerated, and by the
start of construction, the Medical Towers Building owner would not permit
prestressed tiebacks to extend beneath his building.
Foundation Conditions
The general subsurface conditions at the site are shown on Fig. 6
and were found to be far more variable than interpretations of soil boring
logs. Beyond the weak basement backfill, the natural soils are reasonably
strong clay with sand and silt layers. The granular strata, while fine in
grain size, are dense in condition. The soils to a depth of about 32 ft are
clays and sandy clays. From 32-ft to 58-ft depth, dense sandy silt and
silty fine sand with clay seams and layers were interpreted from the
borings. lnterlayered silty fine sand, sandy silt, silt and clay form a second
important pervious unit from 65 to 85 ft.
The depth to groundwater fluctuated from 22 to 28 ft below street
level during the building design in 1987. Basement floor slab position was
established at the clay-granular stratum contact, which was at least 10 ft
below the groundwater level.
Subsurface conditions during excavation were similar to design
interpretations only in the clays above 32 ft. The underlying pervious units
were found to be different from design interpretations. The upper sand-

Mat Foundations

225

clay interface was found to be contorted and the sand contained extensive
inclusions of silt and clay throughout the foundation excavation. The water
level in this pervious zone was about 24 ft below grade just prior to
construction.
The foundation stratigraphy, the proposed basement configuration
and environmental considerations in combination, indicated there were
four major constraints related to foundation design and construction: (1)
temporary and permanent control of the groundwater level, (2) excavation
sheeting bracing and construction, (3) design and build the basement to
satisfy adjacent property owner requirements yet minimize owner costs,
and (4) differential foundation movements. Each of the St. Luke's Medical
Tower building foundation facets are discussed in subsequent paragraphs.
GROUNDWATER LEVEL CONTROL
Control of the groundwater level is necessary both during the
construction period and for the completed structure. The principal
temporary and the permanent groundwater control systems are identical
but unique for the Houston Area in that widely-spaced deep wells were
used as the same system. Groundwater level control needed to satisfy
three objectives: provide a dewatered excavation for foundation and
basement installation, minimize downward foundation movement of
adjacent structures as a result of lowering the groundwater, and minimize
excavation heave and subgrade softening from pressurized aquifers.
Temporary System
The temporary groundwater control system was required to
accomplish two purposes. The first was to dewater the principal granular
stratum from 32 to 58 ft to permit excavation in the dry. A second
purpose was to keep water levels in the deeper pervious zone lying below
excavation depth at a position below excavation grade to minimize
excavation heave. The dewatering subcontractor installed 16 deep wells
with submersible pumps generally equispaced around a perimeter 5 ft
inside of the proposed basement wall.
One method of analyses used to develop the well design consisted
of considering the entire site as a fully penetrating well based on the
reported well analysis relationships (3) where the variables are in well
parameters and soil properties. Groundwater level drawdown position for
the design was analyzed following the procedures for pressure relief by
deep wells with artisan flow (3).
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Well holes were 14-in.-diameter with a nominal 6-in.-diameter SDR
21 PVC well screen surrounded by a sand filter. The wells were installed
by wet rotary methods using an organic drilling fluid. The well holes
extended to 75 ft below street level, and well pumps were set at 70 ft
before excavating extended below 15 ft. Discharge flows were pumped
into an 8-in. diameter collector pipe located outside of the excavation. The
combined flaw from the temporary dewatering system ranged between 40
to 70 gpm with individual wells yielding from 3 gpm to 15 gpm.
Permanent System
A permanent groundwater level control system is a vital portion of
the foundation scheme, because the basement depth is about 12ft below
the pre-construction water level. Accordingly, a dry basement without wall
dampness was a development goal important to this project, unlike other
A number of
urban developments with multiple level basements.
dewatering systems were considered including a small number of largediameter pumped wells, a gravity relief well system, and a vacuum system
with a very large number of wells.
Although permanent dewatering for previous projects with deep
basements was achieved by numerous closely-spaced eductor wells,
converting the temporary dewatering system of deep wells to the
permanent system without new wells would result in cost savings of over
$500,000 compared to previously used systems.
The permanent
dewatering system design called for adopting the temporary system with
the provision of making adjustments to the permanent wells based on the
performance during construction. The adjustment consisted of raising the
submersible pumps to maintain a drawdown of 4 ft below basement slab
level and reduce downward movement on adjacent structures from
groundwater lowering.
Backing up the pumped wells are underfloor drain systems. The
underfloor drainage system consists of a double soil filter and a 6-in.
collector pipe leading to sumps. If the well system should become
inoperative or inefficient, excess water pressure in the pervious zone will
discharge through underfloor drainage system. There is also an alarm
system to alert the building engineer if and when an individual well fails.
Wall drains are installed to prevent seepage through walls from
demolished building basement drainage systems and leaking utilities. The
wall drains consist of sand wicks between each drilled pier soldier pile with
outflows into a perimeter trough in Basement Level 3.
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FOUNDATION DESIGN AND BEHAVIOR
Foundations for the building consisted of the excavation system
drilled pier solder piles and individual spread footings, combined footings,
and small core mats. Incorporating the excavation retention system into
the foundation system provided cost savings of over $ 350,000 and had
the added benefit of reducing vertical movement of adjacent structures
outside of t:,e property line.
Design Approach
Foundations were designed following a two step procedure where
the section requirements were determined by the Ultimate Strength Design
Method. For both the drilled pier soldier piles and individual foundations,
plan geometries were established by providing compatibility with an upper
level estimate of service loads (combined fixed, transient, and wind loads)
and the allowable net bearing pressure or allowable values of pier
resistance. Foundation and wall stability were analyzed for compatibility
with upper level estimates of service loads.
Movements were then
analyzed for working load conditions. Section properties (thickness and
reinforcing requirements) were determined by factored loads, independent
of subgrade compatibility. A load factor of 1. 7 was applied to service load
shears and bending moments to determine section properties for the
piers.
A rigid body analysis was used to design the individual foundations
and core mats because of the influence of shear walls. For an interior
core mat, the combined maximum service load condition amounted to
13,000 kips and 126,000 ft-kips of moment with a resultant located outside
the foundation middle third. For the core mats, the rigid body analysis
was supplemented by a finite element analysis in the factored load case
using a single modulus of subgrade reaction to compute factored shears
and bending moments.
Foundation Movement
Movement of any portion of the building foundation will be
influenced by five primary factors: (1) the amount of heave occurring
during excavation prior to building erection, (2) the net soil loads created
by the com;Jieted structure, (3) quality of construction, (4) compatibility of
actual subsurface conditions and design interpretations, and (5)
dewatering system performance. The response of the foundation soils to
the pressure changes was analyzed following reported experience (6, 7,
and 8) by modeling the soil as a quasi-elastic material and elastic-plastic
material.
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Excavation Heave--Computations were developed to predict the
upward movement of the soil just below foundation level during the period
of excavation and early stages of structure erection. This analysis used
an empirical procedure based on observations made during other deep
excavations in the Houston Area. The calculations include prediction of
the construction water level lowering, assumed rapid excavation and
placement of the building foundations, and an estimate of the restraining
effect of the sheeting bracing. We also estimated the contractor's
schedule to evaluate the time-dependent portion of the heave. The
excavation of 38-ft depth to the Basement Level 3 created a load removal
of 4800 psf. The new building foundations and the restraint of the
sheeting bracing caused a semi-uniform net pressure decrease of about
750 psf. The movements were computed for an assumed 4-month
effective period and were found to be a maximum of 1.5 in. at the center
of the excavation, 0.5 in. at the basement walls, and 1 in. at the north
middle quarter of the site where foundations were designed to support
both building loads and inclined strut forces.
Net Building Loads--The loads that cause long-term movements of
a structure are the sustained loads(dead load and a small portion of the
live load). For a multistory medical professional building, the sustained live
load is expected to be only about 2/3 of the live load used for design of
the individual floors. The uniform gross sustained pressure at the base of
foundations was calculated to range from 8000 to 10,000 psf. In the
basement area outside of the tower, the structural loads are small so that
the net sustained pressures for this part of the building are 3000 psf less
than the weight of soil removed.
Movement Analysis--The effects of excavation heave and foundation
load application were analyzed by computer solution in general
accordance with the Discrete Area Method (8). Foundation stress
distributions with depth were computed by the Boussinesq theory, (5)
Westergaard, and below grade Westergaard, (2).
The computed movements are all downward and range from a
maximum of 2 to 2.3 in. for the mats supporting the tower core to about
1 in. for the spread footings supporting the exterior tower columns. The
analysis indicated a downward movement of 0.5 to 0.6 in. for the footings
supporting the garage and basement floors.
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EXCAVATION PROCEDURE
General Approach
The construction concept developed has been employed on major
modern Houston excavations and consisted principally of closely-spaced
drilled pier soldier piles braced by hollow stem augered prestressed
Since the drilled piers formed the permanent basement
tiebacks.
structural system and foundations for the perimeter loads, only the
tiebacks were considered temporary.
The geotechnical engineer
developed a preliminary design for an excavation bracing system by
internal inclined struts for the north wall to assess the impact of
proceeding with the project, because neither authorization to accept
tiebacks nor building foundation drawings were available from the Medical
Towers Building during final design.
Accordingly, the building plan
geometry was adjusted to avoid many of the foundations of the existing
Kelsey Seybold Building. The excavation planning formulated preliminary
designs for effectively addressing such obstructions as deep belled piers,
old on-site foundations and sheeting, old off-site foundations, and an
electric vault which extended beyond the basement wall, Figs. 4 and 5.
The bracing contractor selected H-pile soldier piles and lagging as a
bracing system to excavate the two belled piers that intersected the drilled
pier walls.
Earth Pressures
The earth pressure used for design of the tiebacks and internal
struts is based on a combination of recommendations by Peck (4) and
Ulrich (6, 7) substantiated by observations made during construction of
Houston area buildings and excavation systems in the Texas Gulf Coast
(6, 7)). Pressure distributed to produce a trapezoidal pattern as shown
on Fig. 7. was used only to estimate internal bracing and tiebacks. Design
of concrete soldier piles and lagging was based on modified classical
methods to consider short and long term conditions adjusted by the
geotechnical engineer's local experience (6, 7).
Drilled Piers
A total of 287 drilled piers were installed for the excavation wall
system with a 14 inch clear spacing to accommodate 12-in.-diameter
tiebacks. Almost half of the piers were 30-in. diameter to support precast
wall loads on the north and south building sides, along with planned walls
for future contiguous towers. Pier lengths ranged from 50 ft below street
level on the east and west sides to 68 ft for the 30-in. diameter on the
north and south sides. Reinforcing amounted to 1% and 1.5% of the
cross sectional area for the 30-and 24-in.-diameter piers, respectively.
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The piers were installed by the Slurry Displacement Method in
accordance with ACI 336.1-89 with polymer-mixed drilling fluid supplied by
Polymer Drilling Systems in El Dorado, Ark. Polymer slurry unit weight
was generally less than 64.5 pcf, and sand content was less than 3%
within 30 minutes after drilling. Fluid viscosity ranged from 27 to 30 sec.
Pier concreting was accomplished by open tremie and 3 cu yd buckets.
The size of maximum coarse aggregate was limited to 1 in., and
slump was a minimum of 7 in. at the start of concreting. A minimum of 15
minutes was needed to concrete each pier after the reinforcing cage was
set. Concrete over pours were 10 to 15% above neat line geometries.
The two steel tremies onsite were 8-in. and 10-in.-I.D. by 0.5 in. wall
thickness. The rabbit used to separate the concrete from the drilling mud
had a diameter 1 in. larger than the tremie I. D. and was equal to the tremie
I.D. in height. Tremie tip embedment below the top of concrete was
maintained at 5 ft throughout each concreting operation.
Excavation Sequence
The excavation sequence first consisted of excavating existing
foundations that would interfere with the drilled pier soldier pile installation.
Excavation proceeded to the first bracing level after installing the drilled
pier capbeams. Then well and tieback installation began.
Supplementary sheeting of H-piles and lagging, strutted and tied
back were used to remove existing deep belled footings at the northwest
and southwest corners. The H-piles were 14 by 48 wide flange members
placed in 24-in.-diameter holes and backfilled with a fluid one sack
cement-sand-water mix. Lagging was rough cut 3 in. thick timbers and
was removed during basement backfill.
Bracing--One-tier of bracing was used over most of the site except
where two tiers were needed on the east side to accommodate the entry
level foundations. The bracing consisted of 12-in. diameter hollow stem
augered tie!::>acks on all sides except the north side where inclined struts
were used to satisfy the Medical Center Tower requirements. The depths
below street level at which tiebacks were installed ranged from 14 ft at the
street sides to 18 ft on the south side to avoid buried foundations.
Tieback reinforcing consisted of 0.5 in. diameter ASTM A416
strands set up in bundles of 3 to 6, depending on the prestressing load.
Design loads ranged from 31 to 60 tons. Tieback grout consisted of a 9
sack cement, sand, water mix with water to produce a 10 in. slump and
a breaking strength of 4000 psi. Each tieback was prestressed to 120%
of the design load.
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The north wall struts consisted of 24-in.-diameter by 3/B-in.-thick
ASTM, A36 steel pipes, inclined at 30° and prestressed to a dead man that
also served as a foundation for the garage. A 14 by 99 wide-flange
section was used for the waler.
Foundation Construction--The foundations were graded with a
smooth edge bucket backhoe. A lean concrete seal slab was placed over
the foundation subgrade for protection prior to placement of reinforcing
steel. Foundation depths were adjusted to account for soil variability and
limitations of the temporary dewatering system performance.
Installation of Struts--After the core mats were poured, the strut
foundations were constructed at the toe of a berm to receive the reaction
from each of the sloping struts. When this concrete had reached
adequate strength, the struts were placed in notches cut into the earth
berm. Thus, the line of concrete shafts received maximum support from
the berm until all of the struts along one side had been prestressed and
welded into place. Removal of the earth berm began by backhoe and
front end loader working the Basement Level 3 subgrade.
Permanent Dewatering System--Results of the temporary dewatering
system performance over the 18 month construction indicated the pumps
could be raised by 6 ft to allow the drawdown to be 3 to 4 ft below the
basement floor slab bottom.
ENGINEERING MEASUREMENTS
A moderately extensive program of engineering observations was
implemented during construction because of the complexity of foundation
construction and the close position of neighboring major facilities. In
addition, a strong engineering observation program allows the designconstruct team to evaluate the relationship of construction to design and
performance to help prevent a small problem from becoming major. The
observation program included continuous inspection by the geotechnical
engineer, tieback load tests to absolute failure, measurements of bracing
loads, wall movement measurements, and off-site movement
measurem£nts.
Bracing Loads
Tieback loads were measured at 7 locations with Geokon donuttype load cells, and strut loads were measured on two struts with Eaton
weldable strain gages. The tieback loads only slightly exceeded lockoff
loads, and the measured loads on the struts remained within 15% of the
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prestressing load while the ambient temperatures (75°F) were consistent
with those when the struts were prestressed. Measured strut loads were
near zero when the ambient temperature dropped to 30°F.
The relationship between measured bracing load and wall height is
presented on Fig. 7, along with other values reported by Ulrich (1989).
The measured bracing values at this site are consistent with the
conclusions reported on previous major projects (Ulrich, 1989), and
confirm good design and construction workmanship.
Movement Observations
Foundations--Foundation movement observations began while the
reinforcing was being placed by referencing all measurements to a
benchmark installed to a depth of 165 ft in a Basement Level 3 corner.
Measurements taken monthly through the start of building occupancy in
the Spring of 1991 have shown that downward movements have been
consistent with design predictions. Core mat movement has been uniform
at 1.25 in., and tower exterior columns have settled uniformly about 0.5 in.
Lightly loaded garage foundations outside of the tower have moved only
0.25 in.
Wall Movements--Wall movements were consistent with our local
experience (Ulrich, 1989) in walls designed to properly support vertical and
lateral loads and built by good workmanship. Vertical movement of both
the strutted and tieback walls was up as shown in Fig. 8. Stiffness of
lateral bracing related to wall movement is presented in Fig. 9. For the
tieback braced segments, wall movements were independent of computed
stiffness.
Off-site Movements--Except for a small segment of the Medical
Center Tower driveway ramp wall that moved down as a result of
sloughing around the H-pile lagging, ground movement beyond the
excavation was upward, Fig. 10. No new cracks were observed in the
Medical Center Tower. The movement ranged from 1/4 to 3/8 in. upward
near the motor ramp wall.
CONCLUSION
As Fig. 1 shows, the completed St. Luke's Medical Tower is beacon
of the Texas Medical Center. The substructure of this building as
designed and built represents an excellent example of the solution of
difficult foundation problems by the joint effort of the owner, architect,
structural engineer, geotechnical engineer and contractor. Therefore, credit
must be given to the St. Luke's Hospital System (owner), development
manager Gerald D. Hines Interests, Cesar Pelli and Kendal Heaton
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(associated architects), CBM Engineers, Inc. (structural engineers);
Schnabel Foundation Company installed the excavation bracing, Weber
Drilling Company installed the piers; Griffin Dewatering Corporation
installed the well system.
Professional liability woes have caused geotechnical engineers and
design teams to avoid design related to foundation construction and
abdicate their professional responsibilities to construction. The owner cost
savings would not be possible without a geotechnical engineer and design
team experienced in construction and a strong commitment to reduce
costs. Correspondingly the development manager was committed to
needed design team inspection to provide quality assurance, assist in
quality control, and deal with the unexpected.
The achievements of St. Luke's Medical Tower are the result of the
geotechnical engineer and design team providing both design and
construction services instead of only design and testing laboratory
services. Full design and construction services by the geotechnical
engineer leads to unprecedent cost savings to the owner, cost savings to
the contractor, and efficient dealing with the unexpected during foundation
construction.
Very special appreciation is extended to Mr. U. E. Moss of Gerald
D. Hines Interests for his wisdom in allowing the geotechnical engineer to
be a key design-construct team member and function as an earthwork and
foundation engineer. The direct result was foundation cost savings of over
$1 million. Unending gratitude is always due Dr. P. V. Banavalkar of CBM
Engineers, Inc. who always strives to go beyond.
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large Mat on Deep
Compressible Soil
by J. P. Stewart, K. H. Pitulej, and H. S. Lacy

Synopsis: This case history describes the design of a load
compensated mat foundation on highly compressible soil.
The
mat was used to support over 800,000 square feet of variable
height building.
While the design of the mat was mostly
routine, the behavior at the mat edges was difficult to
determine.
The deformations at mat edges were the major
concern since they were influenced by the need to raise grades
around
the building
perimeter.
The
design
procedure
incorporated soil-structure interaction analysis to determine
the extent of light weight fill zones required to control edge
deformations.
Settlement monitoring over a period of 2 years
has confirmed the design approach.

Keywords: Deformation; foundations; mat foundations; settlement
(structural); soils; structural analysis
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In 1990, a 1.4 million square-foot regional shopping center was
opened.
It included a basement level and was supported on a
mat foundation as shown in Figure 1.
The mat covered over
800,000 square feet and rested on nearly normally consolidated
varved silt and clay from 80 to 200 feet thick.
Since the
subsoils were compressible and it was necessary to surround the
building with new fill, a significant design problem was to
avoid bending down of the building perimeter.
The selection
and design of the mat were somewhat unusual and are described
in this paper.
This paper also describes the performance of
the mat during its first two years which confirmed the critical
design assumptions.

SELECTION OF A MAT FOUNDATION

When a two and three-story regional shopping center with a 6story central tower was proposed initially without a basement
level in 1987, it was known that difficult subsurface
conditions existed at the site. First of all, much of the site
had been used as the city dump between 1920 and 1960.
Before
that, it had been used as a waste bed for an industrial byproduct. Although the site had a prime lakefront location, the
difficult subsurface conditions had discouraged previous
developments except for oil storage and scrap yards.
Study of the local geology indicated that below the man-made
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fills, there was a deep subsurface bedrock trough that had been
filled completely with dense glacial and soft compressible
lacustrine soils. The area had once been a salt marsh that had
been fed by deep artesian salt springs whose source was several
hundred feet below the surface.
Local experience had indicated that the whole area had
problematic subsoils.
Several tanks at a nearby large sewage
treatment plant had settled as much as 4 feet during the 1960's
and 1970's.
A large oil tank on the proposed shopping center
site had settled almost 3 feet during hydrotesting in the
1970's. Nearby highway embankments had settled over 4 feet. A
light metal structure at the site had settled over 3 feet.
With such experiences in the neighborhood, most later
structures had been supported on piles.
Since the shopping center was to have sensitive interior
finishes, many large glass skylights, and a 120- foot high
central atrium tower with offices and banquet facilities, it
was initially a foregone conclusion that the project would be
supported on piles.
The subsurface investigation confirmed the difficult subsoils
by disclosing up to 15 feet of miscellaneous fill and waste
that had been placed on top of several feet of peat and organic
silt. Below were from 60 to 180 feet of compressible marl and
varved silt and clay, as shown in Figure 2.
The groundwater
table was shallow.
As a consequence of the thick man-made fills being relatively
young and of the previous deep artesian pressure, the subsoils
lacked any significant preconsolidation.
Accordingly, the
addition of even small loads to the soil surface would cause
significant settlement.
Two feet of fill were estimated to
cause as much as 8 inches of settlement during a period of 20
years.
These estimates were consistent with records from
previous development in the area.
Much of the 30-acre site was low and the existing 7 foot grade
variation would require an average of 2 feet of fill to
establish proper surface drainage.
The lowest acceptable
building floor level was chosen because it was important to
minimize the amount of new fill, saving the cost of importing
as well as for minimizing settlement.
Project plans proceeded with the design of a pile foundation.
Since the site was so sensitive to settlement and the
compressible soils were as thick as 200 feet, the pile design
required special measures to overcome the effect of negative
skin friction.
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The costs of overcoming the negative skin friction led to
reconsideration of the design concept.
It was noted that by
adding a basement level, it would be possible to remove enough
soil to compensate for the weight of the entire structure.
Therefore settlement could be controlled without piles.
The developer required the basement level to be 17 feet below
the ground floor to provide for basement retail space.
Therefore the basement level would have to extend below the
water table. Another requirement was that all excavation spoil
would have to be kept on site.
It was recognized that the main design problem would occur at
the mat edges where the required surrounding new fill would
cause differential settlement. Since the compressible soil was
so deep, fill placed even a substantial distance away from the
building could contribute to settlement.
While it was
recognized desirable to minimize new fill thickness near the
building to reduce edge settlement, it was unfortunately
necessary to place some of the large volume of spoil generated
by the basement excavation within the zone of load influence
because there was no other suitable spoil area.
If the basement was too deep, the groundwater table would have
to be permanently lowered to prevent buoyancy.
The dewatering
effort and cost would increase with basement depth.
In
addition, a deeper basement would create more excavation spoil
and therefore more new fill to accommodate.
To reach a workable and practical compromise among the various
constraints, it was found necessary to set the top of mat level
about 12 feet below the average existing grade.
At that level
all fill and organic soil could be removed below the building.
The Developer was faced with a choice of two alternatives, a
mat foundation with a basement or a pile supported building
with no basement. The decision was based on an economic
analysis. While the mat with basement was more costly, it had
additional benefits.
The mat was chosen largely because the
basement provided additional retail space and convenient
parking.

ANALYSIS AND DESIGN

As stated, the main design problem for the mat occurred near
the edge. However, most of the large mat was determined to
behave as an interior condition not influenced by the fills and
large settlements that would occur outside the building.
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Therefore the interior was modeled by the conventional Winkler
approach (an elastic subgrade reaction to the mat loads alone)
using the PCA-MATS program with no modifications.
The design assumptions regarding the mat thickness were based
on the preliminary analyses of mat interior. The mat thickness
of 24 inches for the 2 story area and 30 inches for the three
story area, were estimated on the basis of allowable two way
shear and flexural capacity for the assumed maximum column
spacings and minimum column sizes.
The mat top elevation was set to optimize the load bearing
condition, load compensation, superstructure loads, foundation
loads, excavation volume, and earthwork balance.
Within the
project constraints, the top of mat was set at a constant level
that ranged from 8 to 15 feet below existing grade and yielded
the foundation stresses given in Table l.
The mat at that
level would be sufficiently weight compensated if the water
table were maintained below the mat.
Theoretically, the
building foundation designed as above would not settle due to
primary consolidation.
However reversal of construction heave
and slow long term secondary compression of deep soft soils
would create the possibility of several inches settlement
during the building's life time.
Analysis of the mat foundation was problematic near the edge
because of the 2 to 8 feet of fill required around the
building.
As previously mentioned the deep compressible soils required
structure load compensation in order to prevent excessive
settlements. However the influence of placing the required fill
outside the building was so severe that it could not be
overcome at the edge merely by the effect of the building load
compensation. This was particularly true at the corners. The
opposite direction of the subgrade loading inside and outside
the building (loading outside, unloading inside) would cause an
abrupt settlement change near the edge.
Estimated settlements
up to 15 inches at the building edge and up to 48 inches in the
parking area beyond showed that special measures would be
necessary, such as those shown in Figure 3.
The possible solutions to reduce excessive edge settlements of
the superstructure were to:
1.

Increase the mat stiffness to allow transfer of contact
stresses to the mat interior by a cantilevering effect,
with tolerable deformation at the mat edge.

2.

Extend the basement level beyond the superstructure. This
would both reduce edge loading and allow the mat edge zone
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to adjust to the soil settlements without affecting
superstructure deformations.
3.

Replace site backfill outside basement with a collar of
lightweight fill to force the settlement transition beyond
the super-structure.

4.

Raise the water table in order to increase buoyancy.

5.

Provide releveling ability for the superstructure.

Solution one would have required a 50 foot wide strip 6 feet
thick around the building perimeter and was cost prohibitive.
The other solutions were found to be impractical or inadequate,
if applied individually.
However using the interactive
approach, described later, an effective combination was found.
It incorporated the following:
1.

A 7-foot basement extension beyond the building perimeter.

2.

Extensive placement of expanded polystyrene
and other lightweight backfill.

3.

Water table maintenance 5 feet above the top of the mat.

4.

Releveling devices at the top of each basement column.

The perimeter section
shown in Figure 3.

representing

the

typical

(EPS)

blocks

solution

is

The effect of subgrade settlement at the edge of the mat was a
soil-structure interaction problem that transcended the
capability of PCA-MATS and other known programs.
It was
therefore necessary to develop a supplemental procedure to
account for subgrade settlement within the PCA-MATS framework.
The proposed procedure modeled the interaction between the mat
and subsoil by determining a variation of subgrade modulus k
consistent with a subgrade settlement from outside influences.
It was an engineering approach that approximated the
requirements for equilibrium and compatibility as defined in
Figure 4.
The edge condition design procedure is described by the flow
chart in Figure 5. The procedure incorporated two design
phases:
1.

Preliminary evaluation of settlements at mat edge.

2.

Iterative design incorporating soil-structure interaction.

When preliminary evaluation showed that the subgrade settlement
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transition occurring within the mat footprint was too abrupt
(more than 2 inches between the mat edge and a second column
row), the loading outside the mat was revised by additional
replacement with lightweight material.
The preliminary
evaluation of settlements at mat edges and corners was
essential to expedite the interaction analyses by establishing
a reasonable magnitude of outside loading.
That evaluation
eliminated consideration of the unsatisfactory cases involving
total loss of contact between the mat and the subsoil which led
to excessive slab deformations.
Since the required settlement computations for the many
different conditions were too laborious to perform manually for
the interactive mat design, the decision was made to develop a
custom computer program.
The program allowed generation of
subgrade settlement profiles for varying surface loads within
and outside the mat footprint.
The iterative use of the settlement program and the PCA-MATS
program to model the soil-structure interaction was as follows:

1.

The area of mat subjected to analyses was divided into
interior and exterior zones.
The regions assigned to
interior zone (not influenced by the outside loading)
corresponded to the column geometry alone and shared a
constant value of sub grade modulus.
The exterior zone,
covering the area of a minimum 47 feet wide band around
the mat exterior boundaries, was divided into maximum 2
foot wide regions with mostly a single row of elements.
This dense grid of regions was necessary in order to vary
the value of subgrade modulus k that was required to model
the influence of exterior loading on subgrade settlements
within the mat edge.

2.

The MATS program using the varying values of subgrade
modulus k, that were assigned to exterior zone regions,
generated the deformed mat shape Zl and a contact stress
Wl.

3.

The above calculated contact stresses Wl, were assigned to
the settlement program as the loads, -Wl, on the soil
combined with the effects of exterior loads, W3,
to
generate the shape of deformed subgrade Z2.

4.

The computed shapes Zl and Z2 were compared for
compatibility of shape, the k values readjusted and the
procedure was repeated until the compatibility criterion
was met.

5.

The stress level
deflected shape

in the mat and the mat's converged
were further compared against the
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allowable stresses and tolerable superstructure
deformations. When it was found unsatisfactory, the
loading W3 was readjusted and the compatibility reevaluated.
An example of final deflected shape and contact stresses is
shown in Figure 3.
The typical value k=7 pci for the interior
building area provided essentially uniform bearing for the mat.
The mat was also designed to accommodate a ''soft" spot with k=3
pci beneath a column or a "hard" spot with k=15 pci between
columns. The value of k near the edge was determined using the
iterative procedure described previously in order to model
subgrade displacement compatible with settlement analyses.
Typically, k was determined to vary from about 7 pci near the
center of the mat to between 2 and 3 pci at the edge.
The safe response to all possible states of stress that could
occur throughout the structure's life-span was secured by sizing
the reinforcing bars on a basis of moment envelope that combined
initial distribution of stresses (constant k without settlement
effects) and a final distribution of stresses from the
previously described iterative procedure.
The required area or
reinforcement resulting from flexural analyses was further
increased by approximately 15% to account for uneven soil
properties as well as tension forces associated with volume
change effects. The magnitude of internal forces resulting from
the volume change effects was established by the computation of
maximum drag forces that could develop due to friction between
the mat and subsoil. The sidewalls of depressions required for
escalators were separated from the subgrade with a compressible
filler in order to reduce drag.
The area of steel of top and
bottom bars required in mid-strips was detailed with full
tension splices throughout the extent of the mat. Examples of
reinforcing for an edge panel and an interior panel are shown in
Table 2.
The entire building footprint was divided into continuous panels
not exceeding 400 feet in either direction. Joints were located
at third points between columns. At expansion joints, shear
transfer to the adjacent panel was accomplished with a shelfed
joint.
The six-story atrium supported by four pairs of columns required
greater load compensation and a much stiffer mat, since each
column carries up to 1200 kips. A depressed cellular egg-crate
substructure was determined to be the best way to provide the
required stiffness, strength and necessary load compensation. It
consisted of an 18 inch thick bottom slab with criss-crossing 7foot-deep heavily reinforced beams spaced 12 feet on centers
with a 12 inch thick top slab.
Regrading around the building
perimeter required using over 1,000,000 cubic feet of expanded
polystyrene blocks in a band ranging from 8 feet to 40 feet wide
and up to 13 feet thick.
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PERFORMANCE

Construction was completed and the facility was opened on
October 15, 1990.
Because of a construction delay, the
northern end of the structure had been completed several months
before construction of the southern end could begin.
Consequently, during the unanticipated delay, the groundwater
level had to be maintained 2 feet below the base of the mat.
When the south end construction progressed, construction
dewatering was terminated as soon as practical and the 9-foot
rise of the water table became the geotechnical equivalent of
permanently removing a 500 psf surcharge.
Building settlement records showed that some of the northern
foundation edges settled rapidly during the construction delay
clearly representing virgin soil consolidation.
Most of the
structure settlement was relatively uniform totaling less than
0.5 inches during this period, however at some edge and corner
areas, the settlement totaled as much as 1.5 inches.
When the
groundwater table rose at the end of construction, settlement
rates decreased sharply or reversed.
Figure 6 illustrates
typical center and edge settlement during and following
construction.
One area continued to settle at a high rate, even after the
groundwater table had been maintained at the design level for
some time.
A plan of the area, Area A, is shown in Figures 1
and 7.
Area A was at a corner location adjacent to an area
that had been deeply filled with crushed stone for use as a
temporary construction access ramp.
The replacement of the
light weight site soil with the heavy crushed stone was causing
virgin soil consolidation under a building corner. The crushed
stone was replaced with expanded polystyrene blocks in July
1991 causing the reversal of settlement shown in Figure 8. The
performance of this part of the structure demonstrated how
sensitive the site was and how effectively the use of expanded
polystyrene has reduced differential building settlement.
Besides Area A, predicted settlement has been exceeded only at
a few edge locations and was due primarily to the need to keep
the water table depressed longer than had been anticipated.
The current rate of settlement compares well with predictions.
Geotechnical analyses for secondary compression of the
underlying compressible soils indicate that the future
settlement magnitudes and rates at the south end will exceed
that at the north end where the compressible soils are thinner.
Another 10 years will be required before a good comparison can
be made between predicted and actual secondary compression
rates.
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During October 1991, a small section of the superstructure at
Area A was elevated to compensate for the settlement shown in
Figure 8.
The elevating was performed by jacking and shimming
at fixtures built into the top of each column for that purpose.
The maximum column elevation was raised ll,; inches and was
accomplished during a period of two weeks.
The water table has been maintained at 4. 5 feet above the
basement floor with permanent dewatering volumes on the order
of 5 gallons per minute.
Dewatering rates peak after
rainstorms, but rarely exceed 30 gpm and have been at 0 gpm for
weeks when it hasn't rained.
Groundwater fluctuations and
recharge volumes have been minimized through the installation
of a surrounding slurry trench cut-off wall located 50 to 100
feet from the building.
The slurry trench was also one of the
keys to construction dewatering.
The mat underdrain and
perimeter drain system are provided with many overflow points
in the basement walls so that water would spill into the
basement parking garage floor if the groundwater control system
malfunctioned.
The overflows are set to prevent excessive
hydrostatic uplift.

CONCLUSIONS

l.

This project has demonstrated that large mat foundations
supported on deep compressible soils are feasible
alternates to pile foundations.

2.

The effects of subgrade settlement at the edge of a mat
can be simulated by interactive use of the PCA-MATS and
settlement programs.

3.

Edge and corner settlement were
considerations for this structure.

4.

The use of lightweight fill was an effective component for
controlling edge settlements.

5.

This project has demonstrated that providing the ability
for preplanned releveling for a superstructure can be an
effective means in dealing with excessive localized
settlement.

critical

design
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TABLE 1 -

FOUNDATION STRESSES (psi)

STRESSES

NO. OF

LEVELS

3

4

7

buoyancy, fb

440

470

810

gross building pressure, f1

700

850

1475

effective building pressure, f2

260

380

665

preconstruction effective stress
at foundation level, f3

770

950

1250

net bearing pressure, f4

-510

-570

-585

value of foundation compensation, fc

1210

1420

2060

NOTES: 1. Number of levels include basement
2. Net bearing pressure

f4

f2-f3

3. Value of foundation compensation

fc

f3+fb
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TABLE 2 - SELECTED REINFORCEMENT FOR TYPICAL 20 X 20 FT BAY OF 24 FT
MAT IN DIRECTION PERPENDICULAR TO MAT'S EDGE

ZONE

LAYER
TOP

COLUMN STRIP

MID-STRIP

#7@8 11

#7@8"

#6@12"+#9@12 11

#6@12"

EDGE
BOTTOM
TOP

#7@12 11

#7@12"

INTERIOR
BOTTOM

#6@12"+#9@12"

#6@12"
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