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6.4—Finite element method 1 =  plan moment of inertia of footing (or mat) about
6.5—Column loads any axis x(/,) or y(Iy), ¢
6.6—Symmetry Iz = moment of inertia of one unit width of the super-
6.7—Node coupling of soil effects structure, £*
6.8—Consolidation settlement Ir = moment of inertia per one unit width of the
6.9—Edge springs for mats foundation, £*
6.10—Computer output I, = base shape factor depending on foundation shape
6.11—Two-dimensional or three-dimensional analysis and flexibility, ¢t
6.12—Mat thickness i = vertical displacement of a node, £
6.13—Parametric studies J = torsion constant for finite grid elements, ¢t
6.14—Mat foundation detailing/construction k, = coefficient of subgrade reaction from a plate load
test, Fle
Chapter 7—Summary, p. 336.2R-19 k, = g/d=coefficient (or modulus) of vertical subgrade
reaction; generic term dependent on dimensions
Chapter S-Bgferences, p- 336.2R-20 of loaded area, F/€3
8. I_SP ecified and/or recommended references ky; = coefficient of subgrade reaction contribution to
8.2—Cited references node i, Fli3
i = revised coefficient of subgrade reaction contribu-
1.1—NotationCHAPTER 1—GENERAL tion to node i, F/Z3, see Section 6.8
The following dimensioning notation is used: F = force; kyi = basic value of coefficient of v.ertical subgradg:
¢ = length; and Q = dimensionless. reaction for a square area with width B =1 ft, F/¢
A base area of footing, 72 K = spring constant computed as contributory node
b = width of pressed edge, £ area xk, F/e
B = foundation width, or width of beam column K, = relative stiffness factor for foundation, O
element, £ L = live load or related internal moments and forces
B, = matwidth,¢ produced by the load, F'
B, = plate width, ¢ L, = sustained live loads used to estimate settlement,
c = distance from resultant of vertical forces to over- F. A typical value would be 50% of all live loads.
turning edge of the base, ¢ L, = stage service live load consisting of the sum of all
D = deadload or related internal moments and forces, F unfactored live loads at a particular stage of
Dy = the depth Dyshould be the depth of soil measured construction, F .
adjacent to the pressed edge of the combined M’ = bending moment per unit length, F¢
footing or mat at the time the loads being considered Mg = overturning moment about base of foundation
are applied caused by an earthquake simulating force, F¢
D, = dead load for overturning calculations, F Mg = overturning moment about base of foundation,
Dy, = stage dead load consisting of the unfactored dead caused by F\, loads, Ft
load of the structure and foundation at a particular M, = largest overturning moment about the pressed
time or stage of construction, F edge or centroid of the base, F¢
= eccentricity of resultant of all vertical forces, £ Mg = resultant resisting moment, F¢
;= eccentricity of resultant of all vertical forces with My = overturning moment about base of foundation,
respect to the x- and y-axes (e, and ey, respec- caused by wind loads, blast, or similar lateral
tively), £ loads, F¢
E = vertical effects of earthquake simulating forces or n = exponent used to relate plate k, to mat k¢, Q
related internal moment or force, F P = any force acting perpendicular to base area, F
E' = modulus of elasticity of the materials used in the q = soil contact pressure computed or actual, Fle?
superstructure, FIe? q, = allowable soil contact pressure, FIe?
E, = modulus of elasticity of concrete, FIe? q; = actual or computed soil contact pressure at a node
E, = soil modulus of elasticity, F/? point as furnished by the mat analysis. The contact
F,, = \vertical effects of lateral loads such as earth pressures are evaluated by the geotechnical analysis
pressure, water pressure, fill pressure, surcharge for compatibility with g, and foundation movement,
pressure, or similar lateral loads, Fle>
G = shear modulus of concrete, F/¢> q, = unconfined (undrained) compression strength of a
h,, = height of any shearwalls in structure, £ cohesive soil, F/¢?
H = settlement of foundation or point, £ q,; = ultimate soil bearing capacity; a computed value
H,. = consolidation (or recompression) settlement of to allow computation of ultimate strength design
point i, £ moments and shears for the fouhd & l&nglents
AH = magnitude of computed foundation settlement, £ also used in overturnirg ciicu “ic{ﬂ&’c’ﬂﬁ%ent Sharing Hub

Full document details: ACI 336.2R-88 (2002)


http://www.avadocuments.com/doc/aci-336-2r-88-2002
http://www.avadocuments.com/doc/aci-336-2r-88-2002

ANALYSIS AND DESIGN PROCEDURES FOR COMBINED FOOTINGS AND MATS

R, = resultant of all given design loads acting perpen-
dicular to base area, F'

R, .in=leastresultant of all forces acting perpendicular to
base area under any condition of loading simulta-
neous with the overturning moment, F

S = section modulus of mat plan area about a specified
axis; S, about x-axis; Sy about y-axis, e

SR = stability ratio (formerly safety factor), O

t, = thickness of shearwalls, £

v = distance from the pressed edge to R, ,,,;, (see Fig. 4.1
and 4.2),¢

W = vertical effects of wind loads, blast, or similar
lateral loads, F'

X; = the maximum deflection of the spring at node i as
a linear model, ¢

Z = foundation base length or length of beam column
element, £

Z' = footing effective length measured from the
pressed edge to the position at which the contact
pressure is zero, £

o = vertical soil displacement, ¢

A, = average increase in soil pressure due to unit
surface contact pressure, Fle?

A = footing stiffness evaluation factor defined by
Eq. (5-3), 1/¢

u = Poisson’s ratio, Q

2 summation symbol, Q

Y unit weight of soil, FIe?

oc = torsion constant adjustment factor, Q

1.2—Scope

This report addresses the design of shallow foundations
carrying more than a single column or wall load. Although
the report focuses on the structural aspects of the design, soil
mechanics considerations are vital and the designer should
include the soil-structure interaction phenomenon in
connection with the design of combined footings and mats.
The report excludes slabs-on-grade.

1.3—Definitions and loadings

Soil contact pressures acting on a combined footing or mat
and the internal stresses produced by them should be
determined from one of the load combinations given in
Section 1.3.2, whichever produces the maximum value for
the element under investigation. Critical maximum moment
and shear may not necessarily occur with the largest
simultaneously applied load at each column.

1.3.1 Definitions

coefficient of vertical subgrade reaction k;—ratio
between the vertical pressure against the footing or mat and
the deflection at a point of the surface of contact

ky=qld

combined footing—a structural unit or assembly of units
supporting more than one column load.
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contact pressure g—pressure acting at and perpendicular
to the contact area between footing and soil, produced by the
weight of the footing and all forces acting on it.

continuous footing—a combined footing of prismatic or
truncated shape, supporting two or more columns in a row.

grid foundation—a combined footing, formed by inter-
secting continuous footings, loaded at the intersection points
and covering much of the total area within the outer limits of
assembly.

mat foundation—a continuous footing supporting an
array of columns in several rows in each direction, having a
slab-like shape with or without depressions or openings,
covering an area of at least 75% of the total area within the
outer limits of the assembly.

mat area—contact area between mat foundation and
supporting soil.

mat weight—weight of mat foundation.

modulus of subgrade reaction—see coefficient of
vertical subgrade reaction.

overburden—weight of soil or backfill from base of foun-
dation to ground surface. Overburden should be determined
by the geotechnical engineer.

overturning—the horizontal resultant of any combination
of forces acting on the structure tending to rotate the struc-
ture as a whole about a horizontal axis.

pressed edge—edge of footing or mat along which the
greatest soil pressure occurs under the condition of overturning.

soil stress-strain modulus—modulus of elasticity of soil
and may be approximately related (Bowles 1982) to the
coefficient of subgrade reaction by the equation

E,=k,B(1 - I,
soil pressure—see contact pressure.

spring constant—soil resistance in load per unit deflection
obtained as the product of the contributory area and k. See
also coefficient of vertical subgrade reaction.

stability ratio (SR)—formally known as safety factor, it is
the ratio of the resisting moment My to the overturning
moment M,,.

strip footing—see continuous footing.

subgrade reaction—see contact pressure and Chapter 3.

surcharge—load applied to ground surface above the
foundation.

1.3.2 Loadings—Loadings used for design should
conform to the considerations and factors in Chapter 9 of
ACI 318 unless more severe loading conditions are required
by the governing code, agency, structure, or conditions.

1.3.2.1 Dead loads—Dead load D consisting of the sum of:

a. Weight of superstructure.

b. Weight of foundation.

c. Weight of surcharge.

d. Weight of fill occupying a known volume.

1.3.2.2 Live loads—Live load L consisting of the sum of:
a. Stationary or moving loads, taking jgto account allowable

reductions for multistory buildings o Qm%ts

stated by the applicable buildii zcide.nygeument Sharing Hub
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b. Static equivalents of occasional impacts.

Repetitive impacts at regular intervals, such as those
caused by drop hammers or similar machines, and vibratory
excitations, are not covered by these design recommenda-
tions and require special treatment.

1.3.2.3 Effects of lateral loads—Vertical effects of
lateral loads F,, such as:

a. Earth pressure.

b. Water pressure.

c. Fill pressure, surcharge pressure, or similar.

d. Differential temperature, differential creep and
shrinkage in concrete structures, and differential settlement.

Vertical effects of wind loads, blast, or similar lateral
loads W.

Vertical effects of earthquake simulating forces E.

Overturning moment about base of foundation, caused by
earthquake simulating forces M.

Overturning moment about base of foundation, caused by
F,;, loads Mp.

Overturning moment about foundation base, caused by
wind loads, blast, or similar lateral loads My

Dead load for overturning calculations D,,, consisting of
the dead load of the structure and foundation but including
any buoyancy effects caused by parts presently submerged
or parts that may become submerged in the future. The influ-
ence of unsymmetrical fill loads on the overturning moments
M, as well as the resultant of all vertical forces R, ,,,;,, shall
be investigated and used if found to have a reducing effect on
the stability ratio SR.

Service live load L, consisting of the sum of all unfactored
live loads, reasonably reduced and averaged over area and
time to provide a useful magnitude for the evaluation of
service settlements. Also called sustained live load.

Stage dead load Dy, consisting of the unfactored dead load
of the structure and foundation at a particular time or stage
of construction.

Stage service live load Lg,, consisting of the sum of all
unfactored live loads up to a particular time or stage of
construction, reasonably reduced and averaged over area and
time, to provide a useful magnitude for the evaluation of
settlements at a certain stage.

1.4—Loading combinations

In the absence of conflicting code requirements, the
following conditions should be analyzed in the design of
combined footings and mats.

1.4.1 Evaluation of soil pressure—Select the combinations
of unfactored (service) loads that will produce the greatest
contact pressure on a base area of given shape and size. The
allowable soil pressure should be determined by a geotech-
nical engineer based on a geotechnical investigation.

Loads should be of Types D, L, F;,, W, and E as described
in Section 1.3.2, and should include the vertical effects of
moments caused by horizontal components of these forces

ACI COMMITTEE REPORT

a. Consider buoyancy of submerged parts where this
reduces the stability ratio or increases the contact pressures,
as in flood conditions.

b. Obtain earthquake forces using the applicable building
code, and rational analysis.

1.4.2 Foundation strength design—Although the allowable
stress design according to the Alternate Design Method
(ADM) is considered acceptable, it is best to design footings
or mat foundations based on the Strength Design Method of
ACI 318. Loading conditions applicable to the design of mat
foundations are given in more detail in Chapter 6.

After the evaluation of soil pressures and settlement, apply
the load factors in accordance with Section 9.2 of ACI 318.

1.4.3 Overturning—Select from the several applicable
loading combinations the largest overturning moment M, as
the sum of all simultaneously applicable unfactored (service)
load moments (Mg, My, and M) and the least unfactored
resistance moment Mp resulting from D, and F, to deter-
mine the stability ratio SR against overturning in accordance
with the provisions of Chapter 4.

1.4.4 Settlement—Select from the combinations of unfactored
(service) loads, the combination that will produce the
greatest settlement or deformation of the foundation, occurring
either during and immediately after the load application or at
a later date, depending on the type of subsoil. Loadings at
various stages of construction such as D, D;, and L, should
be evaluated to determine the initial settlement, long-term
settlement due to consolidation, and differential settlement
of the foundation.

1.5—Allowable pressure
The maximum unfactored design contact pressures should

not exceed the allowable soil pressure, g,. The value of ¢,
should be determined by a geotechnical engineer.

Where wind or earthquake forces form a part of the load
combination, the allowable soil pressure may be increased as
allowed by the local code and in consultation with the
geotechnical engineer.

1.6—Time-dependent considerations

Combined footings and mats are sensitive to time-depen-
dent subsurface response. Time-dependent considerations
include: 1) stage loading where the initial load consists prin-
cipally of dead load; 2) foundation settlement with small
time dependency such as mats on sand and soft carbonate
rock; 3) foundation settlement, which is time-dependent
(usually termed consolidation settlements), where the foun-
dation is sited over fine-grained soils of low permeability
such as silt and clay or silt-clay mixtures; 4) variations in live
loading; and 5) soil shear displacements. These five factors
may produce time-dependent changes in the shears and
moments.

1.7—Design overview
Many structural engineers analyze and design mat founda-

tions by computer using the finite eleme jt method. Soil
response can be estimated by medeling Hmn S

uncoupled “soil springs.” The spiing pic pel@%ﬁ:ﬁﬁ’ﬁ@?ﬂaﬁﬁarmg Hub

and by eccentrically (eccentric with regard to the centroid of
the area) applied vertical loads.
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calculated using a modulus of subgrade reaction, adjusted
for footing size, tributary area to the node, effective depth,
and change of modulus with depth. The use of uncoupled
springs in the model is a simplified approximation. Section 6.7
considers a simple procedure to couple springs within the
accuracy of the determination of subgrade response. The
time-dependent characteristics of the soil response, consolida-
tion settlement or partial-consolidation settlement, often can
significantly influence the subgrade reaction values. Thus,
the use of a single constant modulus of subgrade reaction can
lead to misleading results.

Ball and Notch (1984), Focht et al. (1978), and Banavalkar
and Ulrich (1984) address the design of mat foundations using
the finite element method and time-dependent subgrade
response. A simplified method, using tables and diagrams to
calculate moments, shears, and deflections in a mat may be
found in Bowles (1982), Hetenyi (1946), and Shukla (1984).

Caution should be exercised when using finite element
analysis for soils. Without good empirical results, soil
springs derived from values of subgrade reaction may only
be a rough approximation of the actual response of soils.
Some designers perform several finite element analyses with
soil springs calculated from a range of subgrade moduli to
obtain an adequate design.

CHAPTER 2—SOIL STRUCTURE INTERACTION
2.1—General

Foundations receive loads from the superstructure through
columns, walls, or both and act to transmit these loads into
the soil. The response of a footing is a complex interaction of
the footing itself, the superstructure above, and the soil. That
interaction may continue for a long time until final equilib-
rium is established between the superimposed loads and the
supporting soil reactions. Moments, shears, and deflections can
only be computed if these soil reactions can be determined.

2.2—Factors to be considered

No analytical method has been devised that can evaluate
all of the various factors involved in the problem of soil-
structure interaction and allow the accurate determination of
the contact pressures and associated subgrade response.
Simplifying assumptions must be made for the design of
combined footings or mats. The validity of such simplifying
assumptions and the accuracy of any resulting computations
must be evaluated on the basis of the following variables.

2.2.1 Soil type below the footing—Any method of analyzing
a combined footing should be based on a determination of
the physical characteristics of the soil located below the
footing. If such information is not available at the time the
design is prepared, assumptions must be made and checked
before construction to determine their validity. Consider-
ation must be given to the increased unit pressures developed
along the edges of rigid footings on nongranular soils and the
opposite effect for footings on granular soils. The effect of
embedment of the footing on pressure variation must also be
considered.

2.2.2 Soil type at greater depths—Consideration of long-
term consolidation of deep soil layers should be included in
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the analysis of combined footings and mats. Since soil
consolidation may not be complete for a number of years, it
is necessary to evaluate the behavior of the foundations
immediately after the structure is built, and then calculate
and superimpose stresses caused by consolidation.

2.2.3 Size of footing—The effect of the size of the footing
on the magnitude and distribution of the contact pressure
will vary with the type of soil. This factor is important where
the ratio of perimeter to area of a footing affects the magnitude
of contact pressures, such as in the case of the increased edge
pressure (Section 2.2.1) and the long-term deformation
under load (Section 2.2.2). The size of the footing must also
be considered in the determination of the subgrade modulus.
Refer to Section 3.3.

2.2.4 Shape of footing—This factor also affects the
perimeter-to-area ratio. Generally, simple geometric forms
of squares and rectangles are used. Other shapes such as
trapezoids, octagons, and circles are employed to respond to
constraints dictated by the superstructure and property lines.

2.2.5 Eccentricity of loading—Analysis should include
consideration of the variation of contact pressures from
eccentric loading conditions.

2.2.6 Footing stiffness—The stiffness of the footing may
influence the deformations that can occur at the contact
surface and this will affect the variation of contact pressures
(as will be seen in Fig. 3.1). If a flexible footing is founded
on sand and the imposed load is uniformly distributed on top
of the footing, then the soil pressure is also uniformly
distributed. Since the resistance to pressure will be smallest
at the edge of the footing, the settlement of the footing will
be larger at the edges and smaller at the center. If, however,
the footing stiffness is large enough that the footing can be
considered to act as a rigid body, a uniform settlement of the
footing occurs and the pressure distribution must change to
higher values at the center where the resistance to settlement
is greater and lower values at the perimeter of the footing
where the resistance to settlement is lower.

For nongranular soils, the stiffness of the footing will
affect the problem in a different manner. The settlement of a
relatively flexible footing supported on a clay soil will be
greatest at the center of the footing although the contact soil
pressure is uniform. This occurs because the distribution of
soil pressure at greater depths has a higher intensity under
the center of the footing. If the footing may be considered to
act as a rigid body, the settlement must be uniform and the
unit soil pressures are greater at the edge of the footing.

2.2.7 Superstructure stiffness—This factor tends to restrict
the free response of the footing to the soil deformation.
Redistribution of reactions occur within the superstructure
frame as a result of its stiffness, which reduces the effects of
differential settlements. This factor must be considered
together with Section 2.2.6 to evaluate the validity of stresses
computed on the basis of foundation modulus theories. Also,
such redistribution may increase the stresses in elements of
the superstructure.

2.2.8 Modulus of subgrade reaction—FEor small foundations

[B less than 5 ft (1.5 m)], this:soil-prop }ummt(s
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relationships, or on the basis of known soil characteristics.
Soil behavior is generally more complicated than that which
is assumed in the calculation of stresses by subgrade reaction
theories. However, provided certain requirements and limi-
tations are fulfilled, sufficiently accurate results can be
obtained by the use of these theories. For mat foundations,
this soil property cannot be reliably estimated on the basis of
field plate load tests because the scale effects are too severe.

Sufficiently accurate results can be obtained using
subgrade reaction theory, but modified to individually
consider dead loading, live loading, size effects, and the
associated subgrade response. Zones of different constant
subgrade moduli can be considered to provide a more accurate
estimate of the subgrade response as compared to that
predicted by a single modulus of subgrade reaction. A
method is described in Ball and Notch (1984) and Bowles
(1982), and case histories are given in Banavalkar and Ulrich
(1984) and Focht et al. (1978). Digital computers allow the
designer to use mat models having discrete elements and soil
behavior having variable moduli of subgrade reaction. The
modulus of subgrade reaction is addressed in more detail in
Section 3.3 and Chapter 6.

2.3—Investigation required to evaluate variable
factors
Methods are available to estimate the influence of each of

the soil structure interaction factors listed in Section 2.2.
Desired properties of the structure and the combined footing
can be chosen by the design engineer. The designer,
however, must usually accept the soil as it exists at the
building site, and can only rely on careful subsurface exploration
and testing, and geotechnical analyses to evaluate the soil
properties affecting the design of combined footings and
mats. In some instances it may be practical to improve soil
properties. Some soil improvement methods include:
dynamic consolidation, vibroflotation, vibroreplacement,
surcharging, removal and replacement, and grouting.

CHAPTER 3—DISTRIBUTION OF SOIL REACTIONS
3.1—General
Except for unusual conditions, the contact pressures at the

base of a combined footing may be assumed to follow either
a distribution governed by elastic subgrade reaction or a
straight-line distribution. At no place should the calculated
contact pressure exceed the maximum allowable value g,,.

3.2—Straight-line distribution of soil pressure
A linear soil pressure distribution may be assumed for

footings which can be considered to be a rigid body to the
extent that only very small relative deformations result from
the loading. This rigid body assumption may result from the
spacing of the columns on the footing, from the stiffness of
the footing itself, or the rigidity of the superstructure.
Criteria that must be fulfilled to make this assumption valid
are discussed in the following sections.

3.2.1 Contact pressure over total base area—If the
resultant of all forces is such that all portions of the foundation
contact area are in compression, the maximum and minimum
soil pressure may then be calculated from the following
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formula, which applies only to rectangular base areas and only
when e is located along one of the principal axes

max >P 6e
9min = B—Z(l + Z—) (3-1)

3.2.2 Contact pressure over part of area—The soil pressure
distribution should be assumed to be triangular. The
resultant of this distribution has the same magnitude and
colinear, but acts in the opposite direction of the resultant of
the acting forces.

The maximum and minimum soil pressure under this
condition can be calculated from the following expressions:

At the footing edge

2P(Z )
S 32
Qur = 3p5\3 (3-2)

At distance Z' from the prestressed edge

Gmin =0 (3-3)

7 = 3@ - ) (3-4)

Equations (3-1) to (3-4) are based on the assumption that
no tensile (—) stresses exist between footing and soil. The
equations may be applied with the details to be shown in the
stability ratio calculation in Chapter 4, Fig. 4.2. Equations (3-2)
through (3-4) apply for cases where the resultant force falls
out of the middle third of the base.

3.3—Distribution of soil pressure governed by the
modulus of subgrade reaction

The assumption of a linear pressure distribution is
commonly used and is satisfactory in most cases because of
conservative load estimates and ample safety factors in
materials and soil. The actual contact pressure distribution in
cohesionless soils is concave; in cohesive soils, the pressure
distribution is convex (Fig. 3.1). Refer to Chapter 2 for more
discussion of foundation stiff and pressure distributions.

The suggested initial design approach is to size the thickness
for shear without using reinforcement. The flexural steel is
then obtained by assuming a linear soil pressure distribution
and using simplified procedures in which the foundation
satisfies statics. The flexural steel may also be obtained by
assuming that the foundation is an elastic member interacting
with an elastic soil. Simplified methods are found in some
textbooks and references: Bowles (1974, 1982); Hetenyi
(1946); Kramrisch (1984); and Teng (1962).

3.3.1 Beams on elastic foundations—If a combined
footing is assumed to be a flexible slab, it may be analyzed
as a beam on elastic foundation using the methods found in
Bowles (1974, 1982), Hetenyi (1946), Kramrisch and Rogers
(1961), or Kramrisch (1984). The discrete

cuments
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