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REPORT SUMMARY

Experimental Investigation of the Uplift Behavior of
Spread Foundations in Cohesionless Soil

The report presents the results of an extensive study of the behavior
of spread foundations in cohesionless soils under axial loading. It
includes criteria to evaluate foundation capacity and displacements as
well as guidelines for foundation design.

BACKGROUND Although spread foundations constitute a substantial fraction of
the in-place foundations for lattice transmission line towers, much of their behavior
under load is not known. Before the evolution of modern principles of soil behavior,
purely empirical rules governed the design of most spread foundations. This study
was developed to move design from empirical to more rational procedures.

OBJECTIVES

«» To conduct a comprehensive experimental test program to examine the influence
of geometric and soil variables on the behavior of spread foundations in cohesion-
less soils.

« To use these results to develop design recommendations.

APPROACH Investigators constructed model spread foundations in two sizes
and three ratios of depth to width in uniform cohesionless soils of loose, medium-
dense, and dense consistency. Excavation and backfill placement were modeled,
and backfill was placed at different consistencies. The investigators then gradually
loaded the models to failure. Results were compared with other available labora-
tory and field test results.

RESULTS The side resistance of spread foundations can be influenced signifi-
cantly by backfill compaction. For loose or medium-dense native soil, the compac-
tion effect is modest. However, for dense soil, the effect is dramatic. These effects
relate to capacity, displacements, and soil-foundation stiffness. Design guidelines
are presented to address these compaction effects. As shown in this study, soil
and geometric variables determine in large part the capability of the soil founda-
tion system to resist uplift loads. Apart from the actual area of the foundation, the
most important variables include backfill compaction and native soil density state.
Other factors that influence the capacity to a lesser extent include the aspect ratio
of the foundation and the soil unit weight.

EPRI PERSPECTIVE These results will assist the foundation designer in analyz-
ing and designing spread foundations in cohesionless soils. Empiricism will no
longer be warranted because backfill placement now can be evaluated on a
rational basis. These results will also assist designers in evaluating existing
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foundations for upgrading studies. The resuits reinforce earlier EPRI stud-
ies on foundation capacity (EPRI report EL-2870) and load-displacement
response (report EL-6965). Other EPRI reports on related topics include
EL-3160, EL-3771, and EL-6800.

PROJECT

RP1493-4

Project Manager: Vito J. Longo
Electrical Systems Division
Contractor: Cornell University

For further information on EPRI research programs, call
EPRI Technical Information Specialists (415) 855-2411.



DISCLAIMER OF WARRANTIES AND
LIMITATION OF LIABILITIES

THIS REPORT WAS PREPARED BY THE ORGANIZATION(S) NAMED BELOW AS AN
ACCOUNT OF WORK SPONSORED OR COSPONSORED BY THE ELECTRIC POWER
RESEARCH INSTITUTE, INC. (EPRI). NEITHER EPRI, ANY MEMBER OF EPRI, ANY
COSPONSOR, THE ORGANIZATION(S) NAMED BELOW, NOR ANY PERSON ACTING
ON BEHALF OF ANY OF THEM:

(A) MAKES ANY WARRANTY OR REPRESENTATION WHATSOEVER, EXPRESS OR
IMPLIED, (l) WITH RESPECT TO THE USE OF ANY INFORMATION, APPARATUS,
METHOD, PROCESS, OR SIMILAR ITEM DISCLOSED IN THIS REPORT, INCLUDING
MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE, OR (li) THAT SUCH
USE DOES NOT INFRINGE ON OR INTERFERE WITH PRIVATELY OWNED RIGHTS,
INCLUDING ANY PARTY’S INTELLECTUAL PROPERTY, OR (lil) THAT THIS REPORT
IS SUITABLE TO ANY PARTICULAR USER’S CIRCUMSTANCE; OR

(B) ASSUMES RESPONSIBILITY FOR -ANY DAMAGES OR OTHER LIABILITY
WHATSOEVER (INCLUDING ANY CONSEQUENTIAL DAMAGES, EVEN IF EPRI OR ANY
EPRI REPRESENTATIVE HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES)
RESULTING FROM YOUR SELECTION OR USE OF THIS REPORT OR ANY INFORMATION,
APPARATUS, METHOD, PROCESS, OR SIMILAR ITEM DISCLOSED IN THIS REPORT.

ORGANIZATION(S) THAT PREPARED THIS REPORT:
CORNELL UNIVERSITY

®

Printed on Recycled Paper

Experimental Investigation of
the Uplift Behavior of Spread
Foundations in Cohesionless Soil

TR-100220
Research Project 1493-4

Final Report, December 1991

Prepared by

CORNELL UNIVERSITY
Geotechnical Engineering Group
Hollister Hall

Ithaca, New York 14853-3501

Authors

F. H. Kulhawy
C. N. Nicolaides
C. H. Trautmann

Principal Investigator
F. H. Kulhawy

Prepared for

Electric Power Research Institute
3412 Hillview Avenue

Palo Alto, California 94304

EPRI Project Manager
V. J. Longo

Overhead Transmission Lines Program
Electrical Systems Division



Electric Power Research Institute and EPRI are registered service marks of Electric Power Research Institute, inc.

Copyright ©® 1991 Electric Power Research Institute, Inc. Al rights reserved.

ORDERING INFORMATION

Requests for copies of this report should be directed to Research Reports Center

(RRC), Box 50480, Palo Alto, CA 94303, (415) 965-4081. There is no charge for reports
requested by EPRI member utilities and affiliates, U.S. utility associations, U.S. government
agencies (federal, state, and local), media, and foreign organizations with which EPRI has
an information exchange agreement. On request, RRC will send a catalog of EPRI reports.



ABSTRACT

An extensive laboratory testing program was conducted on model spread founda-
tions to investigate the influence of backfill density state, native soil den-
sity state, foundation depth, and foundation shape on the uplift capacity and
load-displacement response of spread footings in cohesionless soils. The
results reinforce earlier EPRI studies on foundation capacity (EL-2870) and
load-displacement response (EL-6965). The current study demonstrates the great
importance of compaction on both capacity and load-displacement response, with
the effects being greater for denser native soils. The results include an

improved overall design approach for uplift-resisting spread foundations.
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Section 1

INTRODUCTION

Spread foundations have been used extensively in the electric utility industry
as the foundations for lattice tower structures. The types in current use
include the steel grillage, pressed plate, and concrete slab footing. The first
two often are attractive because they can be prefabricated and transported to

the site at a lower cost than their concrete counterpart.

These foundations evolved primarily as tension members. In principle, they
transfer the applied load by mobilizing the weight of the foundation element and
soil above it, together with any side or tip resistance that may develop from
the tension loads. However, the performance of spread foundations in uplift is
not well understood. This study attempts to provide a better understanding of

these foundation systems.

SPREAD FOUNDATION TYPES AND METHODS OF CONSTRUCTION

Spread foundation types in common use by the utility industry include the steel
grillage, steel grillage embedded in a concrete slab, and pressed plate, as
shown in Figure 1-1. The steel grillage consists of a steel stub connected to a
steel foundation platform, which can be a grid of steel elements, a set of con-
nected angle elements, or rows of I-beams stacked on each other. Occasionally,
a steel grillage is embedded in a concrete slab and consists-of two intercon-
nected tiers of I-beams, the tops of which are bolted to a base plate into which
the grillage stub connects. Concrete then is cast around and underneath the
tiers. The third subgroup, the pressed plate, consists of a steel plate base

and a stub.

Methods of construction and installation vary according to the type of founda-
tion and excavation size. Open hole excavation is used and can be either ver-
tical or inclined. Also, the excavation base could be as large as or larger
than the grillage plate, as shown in Figure 1-2. For grillages and pressed
plates, excavation is followed by foundation assembly and placement at the

required foundation base level. After placement, the excavation is backfilled
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a) Grillage b) Concrete Siab c) Pressed Plate

Figure 1-1. Typical Spread Foundation Types
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Figure 1-2. Possible Excavation Variations

and normally compacted to achieve the desired soil density. For the steel gril-
lage embedded in concrete, the same basic procedure is followed, except that the
grillage base is concreted to a prescribed height. In most instances, the stub
angle is at an inclination to the vertical to facilitate connection with the

structure.

GENERAL BACKGROUND

Most of the available analytical models for evaluating the uplift behavior of
spread foundations do not replicate the construction methods used in practice
and do not quantify the influences of backfilling and the alterations to the
in-situ soil stress regime by backfilling. The recent general approach in EPRI
EL-2870 (1) attempts to incorporate these influences into a design procedure.
To test this procedure, this experimental investigation explores the construc-

tion variations for a vertical excavation as large as the foundation base.

SCOPE OF STUDY

This study is an experimental investigation of the behavior of spread



foundations under static uplift in dry cohesionless soils. The main variables
considered are the: (a) in-situ soil stress environment, (b) alterations to the
stresses caused by construction and backfilling, (c¢) strength characteristics of
the soil and backfill, (d) foundation geometry, and (e) relative stiffness of

the foundation and soil.

Section 2 evaluates the existing prediction models for uplift capacity and
movement and the variables affecting spread foundation behavior. Section 3
describes the laboratory testing program, and Section 4 presents the results of
the investigations. Section 5 examines the overall results, assesses the criti-
cal variables and failure modes, and synthesizes the test results. Section 6
evaluates the validity of the model and gives correlations with field data.
Section 7 provides design recommendations. Section 8 concludes this study, and

several appendices include further details on the experimental investigations.

REFERENCE
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for Uplift-Compression Loading", Report EL-2870, Electric Power Research
Institute, Palo Alto, Feb. 1983, 412 p.
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Section 2

ANALYTICAL BACKGROUND

A number of models have been proposed for predicting the uplift capacity of
spread foundations. In this section, the models are examined, and the important

response variables are identified.

MODELS FOR SPREAD FOUNDATION UPLIFT CAPACITY

The methods for predicting the uplift capacity of spread foundations can be
grouped into four broad categories: (a) cone, (b) shear, (¢) curved surface,
and (d) bearing capacity or cavity expansion models, as shown in Figure 2-1.
None of these methods have proven to be flexible and general enough to accommo-
date all of the ranges of conditions encountered in practice. Some have corre-
lated well with specific data sets, but these good correlations have been lim-

ited to a range of specific soil, site, and geometric conditions.

The cone methods (1, 2, 3, 4) assume that the resistance is provided by the
weight of the foundation and soil within a cone of failure, varying from 0 to ¢,
the friction angle of the soil. This approach does not explain the mechanics of
failure and ignores any contribution of side resistance. Furthermore, it
assumes that a conical failure surface will form under all conditions. Other
failure shapes occur under a variety of conditions (e.g., 5, 6). These methods

generally are conservative at shallow depth [depth (D) to width (B) less than 1

to 2] and unconservative for greater depths.

The shear methods (1, 2, 6, 7) assume failure along a vertical shear surface

peripheral to the foundation, which is not correct for all soil conditions. For

example, shallow foundations in stiff soils fail occasionally in a cone mode.

The curved surface methods (5, 8, 9) assume that failure occurs along a curved
surface. This pattern of failure limits the applicability of these methods,
which have given reasonable correlations for shallow foundations, especially in

denser soils.



]

T T T
t 1 1
1 / 1 |

\: L l: u
\: ’:rr— O tog ; :
y | ]
L Ll

{a) Cone Method {b) Shear Method
) )
\\ P
\ /

\ !
\ I
1 V@Z NN

(c) Curved Surface (d) Bearing Capacity, Cavity

Figure 2-1. Uplift Capacity Models

The bearing capacity or cavity expansion models (9, 10) assume that failure
occurs by a punching shear. This mode is reasonable for deeper foundations in

intermediate soil stress states, but it is not a general approach.

A more general approach was proposed in EPRI EL-2870 (11), in which the uplift

capacity is given, as shown in Figure 2-2, by the following:
Qu = Qgu * Qeu + W (2-1)

in which Q, = uplift capacity, Qg, = side resistance along a general shear sur-
face, Qpy = tip resistance, and W = weight of foundation (Wg) and enclosed soil
(Wg). Fundamentally, this is a shear model that reflects the basic cylindrical
or rectangular mode of failure of the foundation. However, this general
approach includes two modifications to the basic failure mode to allow for ob-
served behavior. For foundations with a small depth to diameter (D/B) ratio, in
soil deposits with high horizontal stress, a cone or wedge shear may develop.
~Also, a punching shear type of failure can develop where the backfill is suffi-
ciently weak to mobilize any significant side resistance. This generalized

model is shown in Figure 2-3.

The mechanism of side resistance development for spread foundations is similar

to that for shaft-type foundations and anchors (11). This mechanism shows the



™~ /" Cone or
\\ Vi
. /’,/ wedge shear
D ﬁ i
! :l Cylinder or
! i prism shear
Qu=Qgy+Qpy*W ,J-—\~,——J\\
‘qu ,// :: ~~_ Bearing capacity
B / N, type shear
Figure 2-2. Basic Equilibrium Model Figure 2-3. Generalized Uplift Behavior

Pattern

development of Riedel shears that become continuous displacement shears at large
foundation movements and determine the location of the failure surface (12).

For the basic cylindrical mode, the failure surface i1s located at the interface
between the native soil and backfill. Within a cone or wedge shear, the failure
surface is located in the native soil. For the punching shear mode, the shear-
ing surface is likely to be in the backfill. The exact location of the shear
surface will depend upon the changes introduced in the soil stress field by
backfilling and excavation. Consider the following two extremes. When a spread
foundation is placed in loose native soil and backfilled with well-compacted
material, the stiff backfill can be uplifted like a rigid mass with shearing
resistance developed along the backfill-native soil interface. At the other
extreme, with a loose backfill dumped in a stiff native soil, it is very likely
that a punching type of failure develops. The backfill is too weak and compres-
sible and so the foundation "punches" through it, locating the failure surface

in the backfill (13).

The location of the shear surface determines which soil properties control
capacity. For a spread foundation constructed in an excavation the same size as
the foundation, three choices exist. TFor interface failure, the weaker of the
backfill or native soil controls. For the punching mode, backfill properties
control. Finally, for the cone or wedge shear, a combination of native soil and

backfill properties may govern.

GENERALIZED APPROACH FOR DRAINED CONDITIONS

The generalized shear model applies to all soil conditions. However, all subse-

quent discussion will be restricted to drained conditions. From Equation 2-1,



the uplift capacity is given by the sum of the side resistance, tip resistance,
and weight. The weight of the soil is calculated as the product of the effec-

tive unit weight of the backfill and the volume of the hole it occupies.

Tip resistance, in general, is derived by suction and tension. Suction can not
develop under drained conditions because it is an undrained phenomenon. Since
soils generally are weak in tension, the tip resistance will be negligible and

will be assumed to be zero.

Side resistance is mobilized along the shear surface and is a function of the
soil stress and foundation geometry. For drained conditions, the side resist-

ance is given by (11):

D

Qgy = JO r(z) dz = %; IO P(z) K, (z) &,(2) tan[t;S(z)'é

dz (2-2)
¢]
in which P = foundation perimeter, K/K, = ratio of operative to in-situ horizon-
tal stress, &, = vertical effective stress (Jz), ¢ = soil angle of friction, § =

interface angle of friction, and K, = in-situ horizontal stress coefficient.

This equation applies strictly to the basic cylindrical or rectangular shear
pattern where the failure surface is a vertical failure plane. In this case, K,
¥, and ¢ correspond to the properties of the weaker of the backfill or host

soil, or the one with the lower horizontal stress (11).

Where a cone or wedge failure develops, a reduction in capacity occurs because
of horizontal stress relaxation (14). In this case, the capacity from Equation

2-2 is reduced as follows:

Qsur = Qu Br/B (for g > 1) (2-3)

in which 8, = (2 + 8)/3 and B8 = K tan ¢. For the "cone" cases, the failure sur-
face is located most likely in the native soil. Therefore, K, ¥, and ¢ would

correspond to that of the native soil.

Equation 2-3 is an empirical formula derived from limited data on drilled
shafts. Such a data base does not exist for spread foundations, and it is
debatable whether it should apply strictly for spread foundations. GCone break-

out requires further study and is addressed herein.



Where punching failure controls as an upper bound on the capacity, the maximum

load (Qun) 1s given by:

in which Ay = foundation area, qq = effective surcharge (3D) on Ag, Wg = effec-

2

tive weight of the foundation alone, N, — bearing capacity factor [e Tl 4 tan

q

(45 + ¢/2)], ¢ = modification factor for soil rigidity, = modification
qr & Yy

factor for anchor shape, d = modification factor for anchor depth, and Qi =

¢
q
tip resistance. This punching limit is effectively a bearing capacity failure

and represents an upper bound on the uplift capacity (10, 1l1). The ¢ terms are

given as:
Cqr = exp([(-4.4 + 0.6 B/L) tan ¢]
+ [(3.07 sin ¢) logyp 2I,)/(1l + sin ¢)]1) (< 1.0) (2-5)
Cqs = 1 + (B/L) tan ¢ ' (2-6)
qa = 1+ 2 tan ¢ (1 - sin $)? [(n/180) tan™1(D/B)] (2-7)

in which D = foundation depth, B = foundation width, L = foundation length, ¢ =

soil angle of friction, and I, = soil rigidity index, given by:

G E 1
Ir = d; tan ¢  2(1 + v) §; tan ¢ (2-8)

in which G = shear modulus, E = elastic modulus, v = Poisson's ratio, and §; =

effective surcharge (¥z) at a height of B/2 above the foundation base (13).

VARIABLES AFFECTING UPLIFT BEHAVIOR

Fundamentally, the following variables affect the uplift behavior: (a) in-situ
soil stress state, (b) backfill stress state, (c¢) foundation geometry, (d) con-
struction method, and (e) foundation rigidity. The potential influence of each

variable is described in the following.

Soil Stress State

The in-situ horizontal soil stresses can control the mechanism of failure.

These stresses are described by a horizontal stress coefficient (K), which is



the ratio of horizontal to vertical effective stress. The value of K is a func-
tion of the initial in-situ stresses in the soil and any changes that occur
during foundation excavation through loading. The initial stresses are given by
the horizontal stress coefficient at rest (Ky), and changes in K occur because
of foundation excavation, backfilling, and loading. The final stress state is

given by:

Kfinal = Ko * 2Kexcavation * AKbackfilling * AKloading (2-9)

If the variation of K¢y ,7 with depth could be determined, the shearing resist-

ance could be predicted by Equation 2-2.

At present, no analytical methods exist that predict directly the changes in K
caused by construction and loading. Therefore, Kgeinal is difficult to predict.
To overcome this problem, the changes in K can be either measured in well-in-
strumented large-scale load tests or inferred from uplift load test measure-
ments. The latter approach is approximate because it depends on the accuracy of

the analysis model.

The former option is more reliable. However, if direct measurements are not
possible, a correlation with the in-situ K, may prove helpful. In this in-

stance, the following empirical equation can be used to predict K, (15):

: OCR 3 OCR
K, = (1 - sin ¢) | - + - (1 - =1 (2-10)
o -
OCRmax(l sin ¢) 4 OCR 4%
in which OCR = maximum &y /current 7, and OCRpax = maximum &/minimum &,. The

angle of friction (¢) can be correlated to the soil density, and the OCR can be

estimated from the geologic history of the soil.

Consideration of the influence of soil stress state on the uplift capacity 1is
relatively recent. Initial attempts focused on separating data according to
unit weight alone (e.g., 6, 8), but there was still significant scatter when
measured and predicted values of uplift capacity were compared. These inconsis-
tencies were attributed to the fact that the soil unit weight alone can not
describe the stress history of the soil (16). To address this issue, the influ-
ence of OCR on peak uplift load was investigated, and it was found that the lat-

ter increases with increasing OCR, as shown in Figure 2-4.
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Figure 2-4. Effect of OCR on Peak Uplift Load

Source; Hanna and Carr (16), p. 598.

Therefore, to assess the influence of soil stress state on the uplift capacity
of spread foundations, a profile of horizontal stress with depth is required,

incorporating the soil unit weight, ¢, and OCR.

Backfill Stress State

Nearly all methods of analysis neglect the backfill stress level. However, the
densification of the backfill creates a stress field over the foundation, which

can affect the failure mode and uplift behavior.

To illustrate the potential influence of the backfill stress state, consider the
following, as shown in Figure 2-5. If the backfill is well-compacted, high hor-
izontal stresses are created in the backfill relative to the native soil hori-
zontal stresses (oy,). The compaction process also densifies a zone within the
native soil, imparting a higher horizontal stress to the backfill (op},) because
the Poisson lateral expansion of the compacted soil can not be resisted by the
native soil. In this case, failure would be in the native soil. However, if
the backfill is placed loosely, the stresses imparted to it will be low, prob-

ably at rest or lower. In these cases, failure is likely to occur within the
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Figure 2-5. Poisson Expansion Because of Backfilling

backfill, especially if the native soil is denser. These two cases represent

the two extremes described previously.

The effect of backfill stresses has not been considered previously, because most
investigators used embedded models that did not involve backfilling. Several
investigators (2, 17, 18) indicated qualitatively the importance of using good
backfill material and the improved performance resulting from better compaction.
One set of field test results showed that moderate compaction increased the
uplift capacity by about 45 percent, while reducing the displacement at which
this capacity was mobilized (2). Figure 2-6 presents typical results that dem-

onstrate clearly the importance of good compaction.

Others have attempted to quantify the term "good compaction" and included back-
fill unit weight and strength characteristics as variables (19). Although this

approach was an improvement, it still does not account for the stress state.

125
< o0}
~ Compacted layer, 0.8 m thick
LL_ 75 Compacted layer, 0.4 m thick
b Loose backfill
<)
- 50 F
= o
S |1 75m KRS I kN=0.225 kip
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0] I 1 1 ] ] i}
o) 0.2 0.4 0.6

Displacement (m)

Figure 2-6. Effect of Backfill Compaction on Uplift Load versus Displacement

Source: Heikkala and Laine (2), p. l4.



The level of stress in the backfill seems to be a dominant factor in the beha-
vior of spread foundations, and it is probably responsible for the eventual
state of stress around the foundation prior to loading. A comparison between
the level of horizontal stress in the native soil and the backfill should indi-
cate where the failure surface forms and which properties govern. The soil with

the lower horizontal stress will control (13).

The above assessment requires quantitative information on the backfill and
native soil stresses, but this information is not available in field load test
data summaries (e.g., 20). Based on evaluation of the above case histories and
several theoretical assumptions, suggested guidelines for the evaluation of the
horizontal stress in the backfill have been given, as shown in Table 2-1. If
the backfill is placed loose, the host soil will remain in a relaxed state of
stress, while the backfill will be in an active to normally consolidated state
of stress. If the backfill is moderately compacted, the stresses in the back-
fill will be increased, increasing those of the host soil. Finally, if the
backfill is very densely compacted, the stress state in the backfill may reach
the passive stress limit. These guidelines require further verification with
well-documented test data to be useful in assessing the effect of backfill

stress on uplift capacity and movement.

Geometry

Several investigators (2, 5, 8, 16) have confirmed the influence of foundation

Table 2-1

TENTATIVE GUIDELINES TO EVALUATE HORIZONTAL STRESS
IN A BACKFILLED NEAT EXCAVATION

Backfill Coefficient of Horizontal Soil Stress, K
Compaction Host Soil Backfill
Loose 2/3 K, K, to Kyne
Medium K, Kope to 1
Dense 5/4 Ky 1 to Kp

Note: K, = tan®(45 - $/2); Kope = 1 - sin ¢; Ky = 1/K,

Source: Kulhawy (13), p. 15.



geometry on uplift capacity. Both the depth and plan area of the foundation

also influence the location of the failure surface of the foundation.

Depth is particularly important because of the large increase in uplift resist-
ance with increasing depth, as noted in Table 2-2. Although there is agreement
on the influence of depth on capacity, there is disagreement on the functional

relationship.

The foundation plan shape also influences uplift resistance, because it deter-
mines the spatial extent of the backfill contributing to capacity. No func-
tional relationships exist that relate the plan area to uplift capacity. In
general terms, there seems to be a trend in which uplift capacity increases with
increasing foundation perimeter (2, 5). However, further investigation is

required to assess these geometric dependencies.

Construction Method

The construction method alters the soil stress field and may influence the
development of the failure mode and uplift capacity. Excavation and backfilling
is used in the field, while embedment has been used for nearly all model labora-
tory tests. The changes in the stress field by construction have not yet been

quantified, largely because relevant field data have been missing.

In theory, the excavation process reduces the level of stress from its in-situ
value to one of a relaxed state (13). Consider soil element A in Figure 2-7.
Initially, it exists at an in-situ effective horizontal stress (Fpo) gilven by

o Tvo- When the soil is excavated, the in-situ stress is removed, and

Table 2-2

RELATIONSHIPS BETWEEN UPLIFT LOAD AND DEPTH

Investigator Functional Dependence
Balla (5) Q « D3
Heikkala and Laine (2) Q « D2 (all other factors fixed)
Hanna and Carr (16) Q « D (loose)
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Figure 2-7. Change of Horizontal Stress at Different Stages of Comnstruction

the soil element at the excavation interface attains a relaxed state. At this
state, the horizontal stress is almost zero. Foundation construction is com-
pleted by placing the foundation and backfilling. At this latter stage, the
stress field reaches its final state depending upon the applied backfill energy.
Following backfilling, the soil element has a new horizontal stress given by odyj,
= A5}, = Ky Gyo, in which Ky = horizontal stress coefficient developed by back-
filling. This final state of stress subsequently is altered one more time at

the loading stage.

Embedment has been used in nearly all laboratory studies, in which case the
native soil and backfill are placed simultaneously at the same stress state.
This procedure does not replicate actual field conditions and allow stress

changes. However, these results may be used for general comparative purposes.

Foundation Rigidity

The rigidity of the foundation system also may influence the uplift behavior in
two different ways. The first is to refer to the backfill-structural element as
the foundation system and compare its stiffness with that of the native soil.
The second is to consider the overall effect as the sum of two components: (a)
relative stiffness between backfill and native soil, and (b) relative stiffness
between the foundation element and backfill. The former considers the influence
of the Young's modulus of the native soil (E4,) to that of the backfill-founda-
tion combination (E.). The latter considers the influence of the ratios of
Young'’s modulus of the backfill (E,) to that of the structural element (Eg) and
of the Young's modulus of the backfill to that of the native soil. The Young's
moduli of the soils are functions of the unit weight (v), angle of friction (¢),
and confining stress (J3). Quantitative correlations between uplift capacity
and system rigidity do not exist for either of the two approaches, and the

available field load test data (20) do not contain enough information to assess



these factors properly. Further data are required to assess the influence of

foundation rigidity.

SUMMARY

Most of the analytical models that have been used traditionally to predict the
uplift behavior of spread foundations have restricted application to certain
sets of geometric and soil conditions. The more generalized shear model
attempts to incorporate the probable soil conditions and failure modes, includ-

ing the influence of the soil and backfill stress states.

Five variables were considered important to uplift performance: (a) in-situ
soil stress state, (b) backfill stress state, (¢) construction method, (d) foun-
dation geometry, and (e) foundation rigidity. The potential influence of each
on uplift capacity was discussed to present a framework for the experimental

investigation and subsequent analyses.
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Section 3

EXPERIMENTAL PROGRAM AND TEST SET-UP

To provide a data base for parametric evaluation of the behavior of spread foun-
dations in uplift, a laboratory model testing program was developed. The

details of this program are presented in this section.

SIMILITUDE ANALYSIS

The experimental program was performed so that the tests would achieve reason-
able similitude with the typical range of field prototypes. Similitude was

evaluated by dimensional analysis, as described in Appendix A.

In general, the similitude requirements can be grouped into geometric, material,
and loading/results interpretation categories (1). Loading and results inter-
pretation are discussed in later sections. Geometric similarity was ensured by
establishing scaled model dimensions that are in agreement with those used in
full-scale tests. Material or property similarity was achieved for all struc-
tural materials, but it is difficult to achieve for soil materials because the
soll properties are stress-dependent. The greatest difficulty is achieving
stress state similarity. For normally consolidated soil, stress similarity can
be achieved; however, similarity can only be approximated in overconsolidated
soil. Because of this stress difficulty, material properties that are stress-
dependent, such as the angle of friction and the modulus, also are hard to scale
precisely. However, the studies conducted show that the overall model has an
adequate or first order level of similarity. Because of the stress-dependency
(scale) effects, it is likely that the models may tend to overpredict the proto-

type behavior.

TEST APPARATUS

The test apparatus includes the structural foundation models, loading device,

and instrumentation.



Structural Foundation Models

Two foundation models were used for the tests. The basic model consists of a
steel shaft and base plate, as shown in Figure 3-1. The ends of the shaft were
threaded to fasten onto the base plate and the load cell. The base plates are
100 x 100 mm (4 x 4 in) and 200 x 100 mm (8 x 4 in) in plan area and have a
thickness of 6.4 mm (0.25 in). For the rigidity influence tests, one PVC plate,

6.4 mm (0.25 in) thick and 100 x 100 mm (4 x & in) in plan area, was used.

Loading Device

Since very low load levels were anticipated in some test cases, a motor-driven
chain system was selected for sensitivity. This system included a 0.9 m (3 ft)
long chain that rests on two sprockets, one over the foundation and one onto a
speed converter and motor. A motor-converter combination that provides a rate
of travel of 1/50 rpm was selected to meet the testing requirements. The motor
operates at 1 rpm with 1/400 hp, while the speed converter reduces the motor
driving speed fifty times. All loading components were supported on a plywood
plate, 25 mm (1 in) thick. The assembled experimental set-up is shown in Figure
3-2.

Instrumentation and Data Acquisition

A load cell, four DCDTs (Direct Current Differential Transducers), and two con-
ventional dial gages were used to monitor the tests. The load cell was designed
for the expected load range (35 to 1225 N or 7.9 to 275 1b), the small scale of
testing, and light weight. The aluminum load cell shown in Figure 3-3 satisfied
the design criteria, with the enlarged flanges to accommodate connections to the
loading chain and model stub. This load cell weighs 1.56 N (0.35 1b), which is

less than three percent of the smallest expected load.

Imm=0.039in

—~=——— Steel shaft,
6.4 mm (0.25in) diometer

—~=——— Steel base plate,
6.4 mm (0.25in) thick

u - 3
~— Fastener nut

Figure 3-1. Foundation Test Model
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Figure 3-2. Experimental Set-Up

The load cell was calibrated six times in a testing machine over the same load-
ing range, and the calibration constants were obtained by linear regression.

Because the excitation voltage drifted, the voltage across the gage was normal-
ized by the excitation voltage to eliminate the drift effects. The calibration

constants are given in Table 3-1.

Four DCDTs were used, one to measure the central uplift displacement and three
to measure the soil surface displacements. These instruments also were cali-

brated across their range of operation, with the calibration results shown in

Table 3-2.

Data acquisition was accomplished through the schematic layout shown in Figure

3-4.



Drill
6.4 mm

diameter ~

Radius

12.7mm

|

;_'i'/:___

| S

9.5mm

Drill +

6.4mm
digmeter ™~

6.4mm

9.5mm

o

I
12.7mm

25.4mm

Front View

Figure 3-3.

28.5mm

19 mm

Side View

=

—

b ——

| SRR

Load Cell Design

Table 3-1

CALIBRATION FACTORS FOR LOAD CELL

Calibration Calibration Constant, L

Run N/(uv/V)

1 1.2914

2 1.2907

3 1.2963

4 1.2893

5 1.2955

6 1.2893

mean 1.2943

1 N=0.2251b

76 mm

Imm=0.039in



Table 3-2

DCDT CALIBRATIONS

DCDT DCDT Range  Excitation Voltage Calibration Constant
Number (mm) V) mm/ (V/V)
5 (Central) + 13 6.0 3.98
6 + 13 6.0 3.91
4 + 25 5.0 6.19
1 + 25 6.0 5.46
1 mm = 0.039 in
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Figure 3-4. Components of Data Acquisition System

TEST PROCEDURE

The procedure followed for each model test included the following: (a) soil
deposit preparation, (b) foundation excavation and placement, (c) backfilling

and alignment, and (d) apparatus assembly and testing.

Soil Deposit Preparation

The preparation of each soil deposit was carried out in three phases. First,

silt and sand were mixed in controlled quantities to ensure a uniform test soil.



Silt was used to provide some cohesion to the dry test soil upon wetting so that
it could maintain a vertical hole during excavation. The proportion of silt
required was determined by trial and error to be 30 percent by weight. The two
soils were mixed thoroughly in 55 gallon oil drums to ensure uniformity, and the
mix was churned periodically between testing dates. The same mix was used for

all the experiments.

The second phase was soil placement. Four methods were selected to achieve a
range of soil density states, as shown in Table 3-3. The soil unit weights
shown are the means for all the model tests. Further discussion of the place-

ment procedures is given in Appendix B.

The third phase was the measurement of in-situ unit weight after each lift was
placed, using density cups and the density scoop (2). The density scoop was
calibrated before testing as described in Appendix B. The density cups were not

calibrated because direct measurements are made with them.

Foundation Excavation and Placement

After soil deposit preparation, an excavation was made to the required depth,
simulating field practice. The soil was excavated using a knife and spoon in 25
mn (1 in) increments, and the exposed surface was wetted slightly using an atom-

izer spray to create a thin film of moistened soil that allowed a vertical open

Table 3-3

NATIVE SOIL PLACEMENT METHODS

Density Placement Placement Mean Soil Unit
State Method Characteristics Weight (kN/m3)

Loose Pluviation 13 mm drop 17.88

Medium Vibration 75 mm lifts vibrated for 19.41

Dense 10 seconds

Dense- Tamping 50 mm lifts tamped twice 20.34

Tamped with compaction hammer

Dense- Vibration 50 mm lifts vibrated for 20.29

Vibrated 20 seconds

1 mm = 0.039 in; 1 kN/m3 = 6.37 pef



excavation. When the excavation reached the required depth, the foundation
model was placed. For the rectangular geometry at greater depths in the loose
native soil states, this excavation process was not possible because of cave-in
and eventual collapse. For these tests, a modified procedure was employed, in
which a metal casing was seated at the foundation base level and the soil depos-
it was built around it as described previously. Upon completion, the foundation
model was placed in the casing at the desired depth. Although this procedure is
convenient because it allows only minimal disturbance, it does not model actual
field procedures exactly. Therefore, this modified procedure was used only when

it was necessary.

Backfilling and Alignment

Foundation placement was followed by backfilling to achieve a range of density
states. Loose backfills were prepared by pluviation over the foundation, while
denser backfills were obtained by tamping. These procedures are summarized in
Table 3-4, and further details are presented in Appendix B. When the modified
construction procedure was necessary, the backfilling was done the same way.
However, the casing was raised after each 1lift was placed, but before it was

tamped.

Since a vertical spread foundation was being modeled, it was important to ensure
vertical alignment of the model shaft during backfilling. For this reason, a

piece of plywood with a 13 mm (0.5 in) diameter hole at the center was located

Table 3-4

BACKFILL PLACEMENT TECHNIQUES

Density Placement Placement Characteristics Mean Backfill Unit
State Method Weight (kN/m3)

Loose Pluviation 13 mm drop 17.16

Medium Light tamping 50 mm lifts tamped 10 times with 19.05

Dense 4.45 N weight dropped 100 mm

Dense Heavy tamping 50 mm lifts tamped 20 times with 19.93

6.67 N weight dropped 150 mm

l mm =0.039 in; 1 N = 0.225 1b; 1 kN/m3 = 6.37 pef



over the model shaft and was fastened to the sides of the test pit. Good verti-

cal alignment was achieved this way.

Apparatus Assembly and Testing

After backfilling was completed, foundation alignment was ensured further by
placing the loading assembly over the foundation shaft and centering it with a
plumb bob. The rest of the apparatus was assembled by linking the aligned
foundation shaft to a load cell and, in turn, to the motor-driven chain. The
remaining instruments then were placed and attached into the data acquisition
system. The DCDTs were operated at 6V input voltage while the load cell oper-
ated at 2V. The data acquisition system then was connected to a desktop calcu-
lator, printer, and plotter. Any voltage output noise was minimized by allowing
sufficient time for the initial voltage signals (zero instrument readings) to

average out.

The motor then was connected to an input voltage source, and the test began by
moving the chain to apply the uplift load. The chain movement was maintained at
constant levels throughout the test. Typically, fifty readings were collected
from the load initiation to the post-failure phase. When the test was com-
pleted, the instruments were removed, and the failure surface and envelope were

traced visually.

TESTING PROGRAM

The testing program consisted of soil property control tests and a series of
model foundation uplift load tests. The model load tests evaluated, parametri-
cally, the important influences on response. One parameter was varied over what
can be described as a "useful range" for the property, while the other parame-
ters were held constant. In this way, the deviation between the measured per-
formance from two tests could be attributed to the influence of that particular

parameter.

The in-situ soil stress was examined by testing in loose, medium dense, dense-
tamped, and dense-vibrated cohesionless soils. With this range, normally con-
solidated to heavily overconsolidated soils were simulated. Similarly, the
backfill stress states examined were loose, medium dense, and dense, simulating

dumped through well-compacted backfill.

Foundation geometries ranged from shallow to deep and from square to
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rectangular. Depth to width ratios (D/B) of 1, 2, and 3 and length to width
ratios (L/B) of 1 and 2 were tested. The width (B) was 100 mm (4 in). For the

above variables, 72 tests were required to address the main combinations.

Throughout the above tests, the construction method and the rigidity of the

foundation were kept constant. However, several comparative tests were con-
ducted to evaluate the embedment and casing methods. To evaluate foundation
rigidity, a PVC model plate of lesser stiffness was used, as described previ-
ously. Four comparative tests were conducted, varying the native soil and

backfill densities as follows: (a) loose native, medium dense backfill, (b)
medium dense native, dense backfill, (c¢) dense-vibrated native, medium dense

backfill, and (d) dense-vibrated native, dense backfill.

Finally, a few repetition tests were conducted for selected test conditions to
assess the repeatability of the overall testing procedure. In this way, the

random experimental error of the tests was determined.

As already mentioned, the construction method employed for the majority of tests
was not feasible for certain conditions, which included all tests at D/B of 3
and rectangular models in a loose native soil at D/B of 2. For these tests, the
soil caved in before a depth of 200 mm (8 in) was attained, so the casing method
was used. Five comparative tests were conducted to evaluate whether the casing
method could produce results similar to those obtained, under similar condi-
tions, by the open excavation method. It was found that the two methods gave
similar results, which are presented in Section 4. Therefore, casing could sub-

stitute for open excavation when necessary.

The model tests also were ordered to eliminate bias. Sources of systematic
error may include the inexperience of personnel and material degradation. These
criteria are particularly applicable for the first few tests. To minimize this
systematic error, the ordering of tests was randomized. In addition, test pro-
gramming took into account production efficiency, sacrificing some of the ran-
domness in the interest of time. For example, eight out of eighteen tests in

medium dense native soil were conducted at the beginning of the testing program.

TEST MONITORING AND INSTRUMENT CALIBRATION

All tests were monitored by load, displacement, and unit weight measuring

instruments. These instruments were calibrated before the tests under



conditions similar to those encountered in the tests.

Soil Placement and Unit Weight Measurement

The soil was prepared by the four procedures described previously. To check the
in-situ unit weight, measurements were made with the density scoop and density
cup, as described in Appendix B. These instruments have been found reliable in
frictional soils and complement each other in use (2). 1In this study, the den-
sity scoop was used for the medium dense and dense native soil, and the cups

were used for the loose deposits.

Backfill Placement

Backfill placement was monitored by measuring the as-placed backfill unit
weight. Direct measurement by conventional instrumentation could not be done
because of the small scale of the backfill. For this reason, an approximate
method had to be used. The volume to be backfilled was determined from the
average dimensions of the excavation, and the weight of the backfill was meas-
ured. These values gave an estimate of the backfill unit weight. Using the
average dimensions is a very approximate method, but there was no reasonable

alternative.

Load Testing and Data Acquisition

The instrumentation used in the tests was calibrated several times to assess the
random uncertainty associated with its operation. The load cell was found to
have a random uncertainty of 1 percent, based on Student's t distribution for 99
percent probability. The load cell had a linear range of operation, and its
capacity exceeded the expected loads. The DCDTs had a linear range over + 12.7
mm (0.5 in) and + 25.4 mm (1 in). The instrument calibrations were presented
previously. During testing, any fluctuation in the input voltage can affect the
recorded data. For this reason, about half an hour was allowed for the input

voltages to average out.

TEST LIMITATIONS

The small scale of the models imposed two limitations on the testing program.
First, exact measurements of horizontal stress during testing could not be made
by conventional stress cells. Other instruments were considered, but all were
too large. To overcome this problem to some degree, the in-situ horizontal

stress state was calibrated in the test pit prior to the actual tests. However,



the operative K still is not known precisely.

Second, it was not possible to locate the failure surface exactly within the
soil mass. Various ways to achieve this goal were considered, including the use
of conventional transducers and radiographic, optical, and freeze-thaw tech-
niques. Each has drawbacks, and none could be applied to overcome the diffi-
culty. Conventional displacement transducers cause significant disturbance
because of inclusion effects. Radiographic techniques were too expensive.
Optical techniques can not be used because of the peculiarities of the excava-
tion method. Freeze and thaw were dismissed on the grounds of soil material
availability. A flour spreading technique was used in prior trials and was
found to be of little use. It is very hard to extract even approximate visual
information, especially in the looser states. Part of the problem is overcome
by careful tracing (numerical and qualitative) of the failure surface pattern
and excavating the failed foundation carefully. This approach yields only
approximate indications of the failure surface. However, its accuracy is higher

than previous attempts.

SUMMARY

An experimental model testing program was developed to evaluate the response of
spread foundations in uplift. This program encompasses a large number of combi-
nations, so that useful ranges were established to enable parametric variations.
Similitude was used to determine that first-order similarity was achieved for
most conditions. The testing procedure replicated actual construction proce-
dures as much as possible, and detailed monitoring was done to optimize the
data. In addition, the tests were scheduled randomly to avoid systematic
errors. Limitations characterize the testing program and include the inability
to measure exactly the operative horizontal stresses and to locate the failure

envelope precisely. Attempts have been made to overcome these limitations.
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Section 4

EXPERIMENTAL RESULTS

The results of the experimental investigation are presented in this section.
Included are the soil property data, basic model test results, and overall qual-

itative interpretation of the model tests.

PHYSICAL PROPERTIES OF TEST SOIL

The soil used for the tests was prepared by mixing approximately 70 percent by
weight of a filter sand and 30 percent of silt. The filter sand is a clean,
subangular, fluvioglacial sand that contains about 20 percent quartz grains, 40
percent limestone fragments, 20 percent siltstone, and 10 percent quartzite (1).
The silt was obtained from Danby, NY, and is a late Pleistocene glacial outwash
deposit (2). The grain size distribution of the mix is shown in Figure 4-1.

The unit weights obtained for the sand-silt mixture were generally higher than
those of filter sand alone. The minimum unit weight was 16.33 kN/m3 (104.0
pcf), as measured in accordance with ASTM D4254-83 (3). The maximum unit weight

achieved in any of the tests was 21.26 kN/m3 (135.4 pcf).

The friction angle (¢) of the test soil was measured in 23 direct shear tests
over the range of unit weights and stress conditions representative of the model
tests. The results of these tests are given in Appendix C. The failure enve-
lopes for each soil unit weight (y) and initial void ratio (ej) are presented in
Figure 4-2 and show significant nonlinearity at low stresses. Figure 4-3 shows
the variation of the friction angle (¢) with soil unit weight and normal stress.
Because of the nonlinearity of ¢ as a function of soil unit weight and normal

stress, values must be selected carefully for analysis purposes.

AS-PLACED SOIL UNIT WEIGHT

For the native soil, the mean values of unit weight were 17.88 kN/m3 (113.9 pcf)
for the loose, 19.41 kN/m3 (123.6 pcf) for the medium dense, 20.34 kN/m3 (129.6
pcf) for the dense-tamped, and 20.29 kN/m3 (129.2 pcf) for the dense-vibrated

states. A summary of the test unit weights is given in Table 4-1. The overall

coefficient of variation (COV) for each of the four density states was between
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1.6 and 2.5 percent, meaning that 68 percent of the unit welght measurements
were within 1.6 to 2.5 percent of the mean value. These results indicate that

the placement methods were adequate to achieve the desired soil states in a
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repeatable manner. Histograms of these mean unit weights are shown in Figure

4-4, and all of the data are given in Appendix B.

For the backfill, the mean values of unit weight were 17.16 kN/m3 (108.6 pcf)
for the loose, 19.05 kN/m3 (120.6 pcf) for the medium dense, and 19.93 ki/m
(126 .1 pcf) for the dense states. However, the coefficient of variation was
larger than for the native soil, as shown in Table 4-1. These measurements
indicate that the methods of backfilling were adequate to achieve the desired
backfill conditions. The higher coefficient of variation was expected, because
the method for computing the backfill unit weight was approximate and therefore
prone to larger random errors. Histograms of these unit weights are shown in

Figure 4-5, and all of the data are given in Appendix B.

Finally, the overall testing procedure was repeatable to an acceptable degree.
Repetitive testing conditions gave a maximum coefficient of variation of 20 per-
cent, as shown in Table 4-2. Although a smaller value would have been better,
the small scale of the tests and construction variabilities introduced a number

of uncertainties, as described previously. The values in Table 4-2 reflect the



Table 4-1

SUMMARY OF UNIT WEIGHT MEASUREMENTS

Native Soil Backfill
Tests Mean Test Unit Weight (kN/m3) Tests Mean Test Unit Weight (kN/m3)

Test
Code? Range Mean $.D.P cove Range Mean S.D. COV
LL 7 16.86-18.23 17.66 0.47 2.66 6 16.18-18.85 17.30 1.00 5.78
M 6 17.85-18.17 18.04 0.10 0.55 6 17.94-19.93 18.96 0.65 3.43
LD 6 17.76-18.15 17.97 0.16 0.89 6 18.85-20.19 19.60 0.51 2.60
all L 19 16.86-18.23 17.88 0.34 1.90
ML 9 18.66-20.10 19.43 0.48 2.47 9 16.34-17.70 17.04 0.52 3.05
MM 8 18.54-20.05 19.50 0.47 2.41 7 18.38-19.86 18.92 0.58 3.07
MD 11 18.37-19.86 19.32 0.51 2.64 11 19.64-20.38 19.80 0.43 2.17
all M 28 18.37-20.10 19.41 0.48 2.47
DL 6 19.85-20.75 20.31 0.37 1.82 6 16.53-18.32 17.21 0.74 4.30
DM 8 19.88-20.90 20.43 0.35 1.71 8 18.84-20.47 19.24 0.55 2.86
DD 7 19.90-20.61 20.28 0.29 1.43 7 19.64-21.05 20.25 0.48 2.47
all D 21 19.85-20.90 20.34 0.32 1.57
VL 6 19.82-21.03 20.39 0.48 2.35 6 16.18-18.22 17.14 0.77 4.49
VM 6 19.93-20.50 20.20 0.25 1.24 6 18.47-19.95 19.06 0.54 2.83
VD 9 19.87-20.65 20.27 0.35 1.73 8 19.64-20.84 20.07 0.49 2.44
all v 21 19.82-21.03 20.29 0.36 1.77
all loose backfill (LL, ML, DL, VL) 27 16.18-18.85 17.16 0.71 4.14
all medium backfill (LM, MM, DM, VM) 27 17.94-20.47 19.05 0.56 2.94
all dense backfill (LD, MD, DD, VD) 32 18.85-21.05 19.93 0.51 2.56

Mean COV for 89 tests 1.93 Mean COV for 86 tests 3.21

a - first letter refers to native soil density: loose (L), medium dense (M),
dense-tamped (D), dense-vibrated (V): second letter refers to backfill
density: loose (L), medium-dense (M), dense (D)

b - standard deviation

- coefficient of variation (standard deviation/mean), in percent

1 kN/m3 = 6.37 pef

(o]

maximum overall variability in the tests.

LOAD-DISPLACEMENT CHARACTERISTICS

A total of 90 model tests were conducted. The maximum load during each test is
the uplift capacity (Qy) ., while the displacement at this capacity (p,) is the

failure displacement. These terms are illustrated in Figure 4-6. The uplift
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Table 4-2

REPEATABILITY OF TESTING PROCEDURES

Uplift Capacity

Test

Code?  Tests Range (N) Mean (N) S.D.P (N) cOVE (%)
MLS-1 3 68, 46, 54 56.0 11.1 19.8
DMS-1 3 76, 92, 92 86.7 9.2 10.6
MDR-1 3 104, 136, 138  126.0 19.1 15.2

a - test coding involves four symbols: first is in-situ or
native soil density at loose (L), medium dense (M), dense-
tamped (D), or dense-vibrated (V) states; second is backfill
density at L, M, or D states; third is square (S) or rectan-
gular (R) shape; and fourth is depth/width ratio (1, 2, or 3).

b - standard deviation

coefficient of variation (standard deviation/mean)

1 N=20.2251b

(]
1

T

Uplift Load

|

Py

Displacement

Figure 4-6. Characteristics of Spread Foundation Uplift Test

capacity and displacement for each test are summarized in Table 4-3, and the

uplift load-displacement curves for each test are presented in Appendix D.

Three typical shapes of load-displacement curves were obtained, as shown in
Figure 4-7. Where loose soil conditions controlled, very little, if any,
strain-softening was observed with a plateau attained at greater displacements.
Where dense soil conditions controlled, significant strain-softening occurred,

and the load-displacement curve had a very pronounced peak. For medium dense



Table 4-3

UPLIFT CAPACITY AND FAILURE DISPLACEMENT FOR MODEL TESTS

Test Test Method of Uplift Failure Failure
Code?d No. Construction Capacity (N) Displacement (mm) Mode®
MDS-2 1 [ 303 3.7 CB
MLS-1 2 0 54 5.1 S
VDR-2 3 [¢] 452 4.4 CB
LLS-1 4 0] 43 3.2 S
LIR-1 5 0 64 3.5 S
MMS-1 6 0] 60 2.1 1
MLS-1 7 0] 68 7.1 S
MLS-1 8 6] 46 7.1 S
MDS-1 9 0 97 1.8 W
MIR-2 10 C 332 9.0 S
MDR-1 11 6] 138 2.1 W
MLS-2.54 12 0 438 11.5 P
MMR-1 13 0 126 2.3 W
Mps-2.54 14 0 483 4.7 cB
DDS-2 15 0 467 4.8 CB
DMS-1 16 0 92 1.6 W
DDS-1 17 [¢] 107 1.5 W
DLS-1 18 (0] 54 6.9 S
DMS-1 19 0] 92 NRE W
DDR-2 20 (0] 623 4.8 CB
MDR-2 21 0 320 NRE CB
DLR-2 22 0 339 9.8 S
MMR-2 23 [¢] 306 4.5 S
DMR-2 24 o] 463 4.9 S
DMR-1 25 0 135 2.4 W
MMR-2 26 C 292 2.9 S
MDR-3 27 Cc 637 4.9 S
DDR-1 28 0 156 2.0 W
DMS-2 29 o] 457 5.3 S
VDR-1 30 0 129 1.9 W
MMS-3 31 C 496 7.6 S
VMR-3 32 C 778 7.5 S
IMS-1 33 0] 58 2.1 S
VMS-1 34 0 91 2.3 1
LMR-3 35 C 338 3.0 S
LDS-3 36 C 298 3.9 S
MIR-1 37 [¢] 99 4.2 S
MIR-3 38 C 618 12.9 P
LDS-1 39 [¢] 63 1.3 S
LLS-2 40 C 109 6.1 S
MLS-2 41 0] 294 12.2 S
LLR-3 42 C 315 12.2 P
LDR-2 43 C 222 2.5 S
IMS-3 44 C 253 5.8 S
IMR-1 45 0 87 2.0 S
MMS-2 46 0 239 4.7 S
VDS-2 47 0 443 3.2 CB
MMR-3 48 c 622 6.6 S
LDR-3 49 o 441 2.9 S
LLsS-3 50 C 217 13.1 P




Table 4-3

UPLIFT CAPACITY AND FAILURE DISPLACEMENT FOR MODEL TESTS (Continued)

Test Test Method of Uplift Failure Failure
Code? No. Construction Capacity (N) Displacement (mm) Mode®
VvDS-3 51 C 1125 6.8 S
LDR-1 52 0 154 6.1 S
DLR-1 53 [¢] 144 7.7 S
IMS-2 54 c 127 3.1 S
DDR-3 55 c 1770 6.5 S
DMS-3 56 o] 1272 8.1 S
LDS-2 57 C 150 3.1 S
LMR-2 58 c 193 3.0 S
DDS-3 59 c 1386 6.2 S
DMR-3 60 c 1097 8.1 S
DLS-2 61 c 202 6.9 S
VIR-3 62 C 564 9.8 P
VMR -2 63 c 412 5.1 S
VMS-2 64 0 410 4.7 S
VLS-2 65 0 310 12.9 S
DLR-3 66 c 615 9.8 P
DLS-3 67 c 665 10.2 P
VMS-3 68 c 763 8.6 S
VLR-1 69 o] 128 7.6 S
VMR-1 70 o] NRE& NRS S
VLS-1 71 0 89 9.6 S
vDS-1 72 0 120 2.2 W
VLR-2 73 C 205 8.4 S
VLS-3 74 C 479 9.0 P
VDR-3 75 c 1322 7.6 S
LLR-2 76 c 183 3.9 S
VDS-1 77 C 117 2.0 W
MDS-1 78 c 85 1.6 w
UMS-2 79 C 311 3.6 S
MDS -2 80 o] 309 3.1 w
VDS-2 81 C 461 4.2 CB
MDR-1°¢ 82 o] 136 1.9 W
MLS-3 83 c 382 10.5 P
MDS-3 84 Cc 490 4.2 S
Ls-1f 85 E 42 2.0 s
Ms-1f 86 E 113 2.4 W
vs-1f 87 E 90 1.1 W
MDR-1¢ 88 C 104 2.4 w
DMS-1¢ 89 o] 76 2.4 W
DDS-2¢ 90 (o] 420 3.4 CB

a - test coding involves four symbols: first is in-situ or native soil den-
sity at loose (L), medium dense (M), dense-tamped (D), or dense-vibrated
(V) states; second is backfill density at L, M, or D states; third is
square (S) or rectangular (R) shape; and fourth is depth/width ratio (1,
2, or 3).

- 0 = open excavation method; C = casing; E = embedded

- S = side shear; W = wedge; P = punching; CB = combined

- D/B of 2.5, the limiting depth for open excavation

repetitive tests

- tests using embedment method

- NR = not reported

N =10.2251b; 1 mm = 0.039 in

=0 rho QOO
)
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Figure 4-7. Typical Load-Displacement Curves

conditions, intermediate behavior occurred.

TRENDS IN UPLIFT CAPACITY AND FAILURE DISPLACEMENT

All other factors being equal, the uplift capacity increased with increasing
native soil density. This effect was more pronounced in deep models (D/B = 3)
when dense backfills were used. The failure displacement generally increased
with increasing native soil density, as shown by the arrows in Figure 4-8,

except for the tests in deep models (D/B = 3) with loose backfills.

When the backfill density was increased, the capacity increase was greater than
when the native soil density was increased. For deep models (D/B = 3) in dense
native soil, this increase was considerable, as shown in Figure 4-9. The fail-

ure displacement also decreased with increasing backfill density, being more
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Figure 4-8. TIllustrative Behavior for Varying Native Soil Density with Dense
Backfill



Figure 4-9.
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pronounced for deep models (D/B = 3) in loose native soil, as shown in Figure

4-10. This behavior has been observed by others (e.g., 4).

Figure 4-10.
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By far the greatest increase in uplift capacity occurred when the depth to width
ratio (D/B) was increased, particularly in dense native soil and backfill. As
shown in Figure 4-11, an increase in capacity by a factor of 14 was obtained
when shallow (D/B = 1) and deep (D/B = 3) cases were compared. The effect of
depth on capacity is well-documented in the literature, but there is disagree-
ment on the functional relationship between capacity and depth. The failure
displacement also increased with increasing D/B, with the change being more

pronounced for models constructed in loose native soil and backfill.

With increasing length to width ratio (L/B), a small increase in capacity was
observed, but this increase was smallest for shallow (D/B = 1) cases in loose
native soil and backfill. For the failure displacement, clear trends could not

be identified.

The qualitative trends described above are summarized in Table 4-4. More

detailed discussions and analysis of these data are presented in Section 5.

In addition, tests were conducted to compare the casing construction method with
the open excavation method. The casing and open methods gave similar results,
as presented in Table 4-5. As can be seen, the last case showed some deviation

in the capacity, while the displacements were in good agreement for the square
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Figure 4-11. TIllustrative Behavior for Dense Native Soil and Backfill with
Varying D/B



Table 4-4

QUALITATIVE TRENDS IN UPLIFT CAPACITY AND FAILURE DISPLACEMENT

Trends of Changes in Response to an Increase in Parameter

Conditions for
which Change

Conditions for
which Change

Increase in Effect on in Capacity Effect on in Displacement

Parameter Capacity is Pronounced Displacement is Pronounced

Backfill Increase Deep (D/B = 3), Moderate Deep (D/B = 3),

Unit Weight Dense Native Soil, Decrease Loose Native Soil
Square Square

Native Soil Moderate Deep (D/B = 3), Moderate Shallow (D/B = 1),

Unit Weight Increase Dense Backfill, Increase Loose Backfill,
Square Square

Depth Substantial Dense Native Soil Moderate Loose Native Soil

(D/B) Increase and Backfill, Increase and Backfill,
Square Square

Length Small Shallow (D/B = 1),

(L/B) Increase Loose Native Soil

and Backfill

"Trends Uncertain"

models but not so for the rectangular ones.

error, these two methods give a similar response.

Within the limits of experimental

Therefore, the casing method

was used as a substitute for the open excavation method when needed.

For tests prepared by embedding the model foundation during native soil place-

ment, lower values of capacity were obtained, as shown in Figure 4-12.

This

comparison was made for tests in which the unit weight of the backfill and

native soil was essentially the same.

embedment may be underpredicting capacity.

However,

Therefore, theoretical models using

this observation is based

on limited tests and requires more verification to establish its general valid-

ity.

OBSERVED FAILURE MODES

The failure mode during each test was identified using three soil surface dis-

placement measurements using DCDTs and observations made throughout the test.



Table 4-5

COMPARISON BETWEEN CASING AND OPEN EXCAVATION METHODS

Ratio of Casing to

Open Excavation .
P Open Excavation

Capacity Displacement
Test Code? (N) (mm) Capacity Displacement
VDS-1 120.1 2.06 0.98 0.99
MDS-1 97 .4 1.83 0.87 0.97
VDS-2 443.0 3.32 1.04 1.23
MMR-2 305.6 4.52 0.96 0.65
MDR-1 138.3 2.13 0.82 0.70
Mean - - 0.93 0.91

a - test coding involves four symbols: first is in-situ or native soil
density at loose (L), medium dense (M), dense-tamped (D), or dense-
vibrated (V) states; second is backfill density at L, M, or D
states; third is square (S) or rectangular (R) shape; and fourth
is depth/width ratio (1, 2, or 3).

1 N=20.2251b; 1 mm = 0.039 in
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Figure 4-12. Comparison of Capacity from Open Excavation and Embedment



However, the failure surface with depth could not be traced by similar measure-
ments, because the test scale and construction method imposed instrumentation

restrictions; therefore, visual means were necessary.

Four distinct failure patterns were observed. For the majority of testing con-
ditions, side shear occurred. For models constructed in soils with high hori-
zontal stress, either a wedge or a combined wedge and side shear occurred. For

deep models with loose backfill, punching shear developed.

For side shear, as the maximum load was approached, cracks appeared at the per-
imeter of the foundation, and the backfill separated from the native soil. With
continued movement, the surface of the backfill was elevated distinctly from
that of the native soil, as shown in Figure 4-13. The surface displacements
within the separated backfill zone were much greater than those in the native
soil. On occasion, the backfill was removed carefully to examine the shear sur-
face. For the tests using open excavation, the interface appeared remolded, and
its extent depended upon the native soil and backfill states. For soil deposits
with higher density, greater remolding occurred. The test failure modes are

summarized in Table 4-3.

When a wedge failure occurred, radial cracks formed at the surface projections
of the corners of the models long before the maximum load was reached. With
further displacement, the cracks spread along the perimeter of the foundation
and were formed fully when maximum load was attained. At equal distances away
from the native soil-backfill interface, the uplifted soil separated from the
native soil as shown in Figure 4-14. Soil surface displacement measurements

beyond the native soil-backfill interface were only slightly less than those

S
[o]
Backfill
Side
{ b Shear Native Soil
|
a) Elevation View of b} Plan View of
Failure Surface Failure Surface

Figure 4-13. Side Shear Resistance Mode Observations
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Figure 4-14. Combined Failure Mode Observations

within the backfill area. Wedge failure typically developed for the shallower
foundations in denser native soil and backfill. A combined mode of failure
occurred for a few tests in which side shear developed along the native soil-
backfill interface up to a certain height above the foundation base, and a wedge
shear formed above that height, as shown in Figure 4-14. The surface failure
pattern was similar to the one observed for the wedge cases. The combined mode
occurred for D/B = 2 in medium dense native soil with a denser backfill and in

dense native soil when the backfill was as dense as the native soil.

For a few test cases, with D/B = 3 and loose backfill, punching failure
occurred. The response was slightly different for square and rectangular mod-
els. The square models did not show any discernible movements at the soil sur-
face, even when the displacements were greater than the failure displacements.
Localized failure probably occurred over the foundation, as illustrated in Fig-
ure 4-15. For the rectangular models, the response was the same only when the
native soil was dense. When the native soil was either medium or loose, separa-
tion at the perimeter was observed at displacements greater than failure. This
transition failure pattern is shown in Figure 4-16. Similar patterns have been
observed by others (5 - 9). Observations made by optical and photographic tech-
niques (10) suggest a punching failure. Therefore, for the above tests, a

punching mode most probably occurred.

In general, the failure modes observed throughout the tests confirmed the gener-

alized failure pattern of spread foundations in uplift proposed previously (11).



Figure 4-15. Punching Shear Failure for Deep Square Models

A 1\ 4
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No discernible displacements separation at perimeter

Figure 4-16. Development of Punching Shear for Deep Rectangular Models

SEPARATION OF FAILURE MODES

The observed failure modes were separated according to test conditions, as shown
in Figure 4-17. For each data point, the ratio of backfill to native soil unit
weight (v,/v,) and the dimensionless depth (D/B) were plotted. The data repre-
senting a particular failure mode then were grouped by approximate delineations

that defined the test conditions.

For loose native soil, no wedge failure was observed. Side shear dominated over
a range of y,/v, from 0.90 to 1.10 and a range of D/B from 1 to 3. Two tests at
D/B = 3 with loose backfill (1p/7n < 1.0) gave a punching shear. Therefore, the
transition to punching behavior occurred at D/B between 2 and 3, which repre-

sents the critical depth for foundations in loose native soil. A similar criti-
cal depth was obtained for tests in loose sand (7), and model tests gave a crit-

ical embedment depth from 3 to 4 (10). For this study, the critical depth was
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between 2 and 3, regardless of the native soil density state.

Shallow foundation behavior occurred at D/B of 3 and less. As shown in Figure
4-17, the transition from side shear to wedge failure develops at the higher
native soil density states and depends upon the relative stiffness of the back-
fill to the native soil (Yp/7n) ., the native soil unit welght (vy,), and D/B. At
D/B = 1, the transition occurs at Yb/Tn of 0.88, 0.86, and 0.87 for the medium
dense, dense-vibrated, and dense-tamped native soil states, respectively. At
D/B = 2, the transition occurs at Tb/Tn ©f 1.0, 0.96, and 0.89 for the same
density states. At Yo/Vn greater than 1.0 for the dense and medium dense tests,

the transition from side shear to wedge failure goes through a combined mode.

SUMMARY

The model test results have established the basic trends in uplift capacity and
failure displacement of spread foundations. The most influential parameters are
the stresses in the backfill and native soil and the foundation geometry. The
interaction of the backfill and native soil stress states is particularly sig-
nificant and influences the development of the failure mode. Interpretation
diagrams were presented to separate the conditions for particular failure modes
in terms of geometry and relative stiffness. The observed failure modes confirm

the generalized patterns proposed previously in EPRI EL-2870 (11).
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Section 5

ANALYSIS AND INTERPRETATION OF TEST RESULTS

In this section, the model test results are analyzed and interpreted to evaluate
the variables influencing the uplift capacity and failure displacement. Because
of its influence on the test results, the unit weight of the native soil and
backfill is re-evaluated to aid in interpretation of the test results. The data
for square and rectangular models are combined to reduce scatter in the results.
Then the test results are evaluated to assess the influence of foundation depth
and soil density on the foundation capacity, horizontal stresses at failure, and
load-displacement response. Finally, the results are compared with other pub-

lished experimental data.

EVALUATION OF EXPERIMENTAL TEST CONDITIONS

The results presented in Section 4 can be analyzed further to evaluate test var-

iations and to reduce scatter.

Influence of Soil Unit Weight on Test Results

One of the primary factors influencing the results of model tests in sand is the
unit weight of the soil in which the model is constructed. Section 4 presented
statistics for the unit weight measurements and their variability; in the fol-
lowing, the measured soil unit weights are evaluated graphically to aid in
interpretation of the test results. Throughout this section, native soil refers
to that in which the excavation was made for the model, while backfill refers to

the soil placed above the model after excavation.

Figure 5-1 shows the mean native soil unit weights (7y) versus the dimensionless
depth (D/B) for the four series of tests on square and rectangular model founda-
tions. 1In each graph, the three curves represent tests where the backfill was
placed in a loose, medium, or dense state. Since the backfill does not affect
the original native soil unit weight, all three lines should coincide and be
horizontal. Deviations from this ideal case represent variations in unit weight
and experimental error in the measurements. These anomalous unit weights do not

appear to correlate in any particular fashion with anomalous test results.



Figure 5-2 shows the mean backfill unit weight measurements for the four series
of tests. In this case, the three lines on each plot ideally should be horizon-
tal but not coincident because the same backfill compaction procedures were used
in each instance for each native soil placement condition. As noted previously,
variations from these ideals represent variations in unit weight and experimen-

tal error.

The mean unit weights for the native soil and backfill are listed in Table 5-1.

This table differs slightly from Table 4-1 because it includes only those
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Table 5-1

MEAN UNIT WEIGHT MEASUREMENTS FOR PARAMETRIC TEST SERIES

Mean Unit

Soil Type Relative Density n Weight (kN/m3) Cov (%)
Native Loose 18 17.89 1.85
Native Medium dense 24 19.54 1.87
Native Dense-tamped 21 20.34 1.56
Native Dense-vibrated 19 20.35 1.68
Mean 1.74
Backfill Loose 26 17.15 4,14
Backfill Medium dense 27 19.00 2.93
Backfill Dense 29 19.98 2.66
Mean 3.21

1 kN/m3 = 6.37 pef

results from the four series of parametric tests that are included in the analy-
sis that follows in this section. Seven additional tests, which were prepared
under distinctly different conditions and are not analyzed herein, have been

omitted from the unit weight data in Table 5-1.

As indicated in the table, the dense-tamped and dense-vibrated soils had essen-
tially the same unit weight. In general, the backfill for each relative density
tended to be about 0.3 to 0.7 kN/m3 (1.9 to 4.5 pcf) lower than the correspond-

ing native soil unit weight.

Comparison of the mean COV values in Table 5-1, as well as Figures 5-1 and 5-2,
shows that variations in the native soil unit weight were about one-half as
large as those for the backfill soil. The reduced control in the backfill like-
ly was caused by the difficulty in working within the small model excavation,
which was either 100 x 100 mm (4 x 4 in) or 100 x 200 mm (4 x 8 in). Addition-
ally, the backfill unit weights had to be calculated, rather than measured, by
evaluating the soil weight and excavation volume, the latter being subject to
error because of irregularities in the excavation walls. Therefore, a signifi-
cant percentage of the variation in backfill unit weights may have been caused
by measurement difficulties. The actual variations may have been smaller than

indicated by the measurement results because the identical compaction procedure



was used throughout.

Table 5-2 lists the outliers in unit weight measurements. Only variances larger
than five percent from the average value of unit weight have been listed. For
each case, the variances have been referenced to the average target unit weight,
such as loose native soil for the first test (LLS-1) and medium dense backfill
for the last test (VMS-2). Overall, variations in the native soil unit weight
were within about three percent of the mean, and variations in the backfill unit

weight were within about six percent of the mean.

Combination of Uplift Capacity Results

Examination of the uplift capacity data indicated that it would be advantageous
to combine the results from square and rectangular foundation models to give
better statistical control through averaging. However, in contrast with the
unit weight measurements, the uplift capacities can not be averaged directly,

because the differing foundation areas lead to systematic differences in

Table 5-2

LIST OF ANOMALOUS UNIT WEIGHT MEASUREMENTS

Test Code? Anomalous Unit Weight
Backfill Native Soil
LLS-1 - 5.8% low
LILR-1 5.7% low -
LLR-2 9.9% high -
LLR-3 5.3% high -
IMR-1 5.6% low -
LDS-1 5.7% low -
MDS-3 - 6.0% low
DLR-3 6.8% high -
DMS-2 7.7% low -
DDR-2 5.4% low -
VLR-2 5.7%4 low -
VIR-3 6.2% high -
VMS-2 5.0% high -

a - test coding involves four symbols: first is native soil den-
sity at loose (L), medium dense (M), dense-tamped (D), or
dense-vibrated (V) states; second is backfill density at L,
M, or D states; third is square (S) or rectangular (R) shape;
and fourth is depth/width ratio (1, 2, or 3)



capacities at the same depth.

To combine and average the data for the two shapes of foundations, the following
procedure was used: (a) the capacity data first were normalized with respect to
the weight of the backfill directly above the foundation, (b) the normalized
capacity data were grouped according to D/B (1, 2, 3), unit weight (loose, medi-
um, dense), and shape (L/B = 1, 2), and in all cases, the unit weight for group-
ing was taken as the lower of the native soil and backfill unit weights, on the
assumption that the looser soil would control capacity, and (c) shape capacity
ratios were computed from the normalized capacities for square versus rectangu-

lar foundations, as given below:

Qus Qur
('yb B LS D)/(’)'b B Lr D)

Ree = (Qug)n/(Quyln = (5-1)

in which Ry, = shape capacity ratio for normalized uplift capacity, Qg and Q4
= uplift capacity for square and rectangular foundations, respectively, (Qug)p
and (Quy)p are the Q,¢ and Q,y values normalized by the backfill weight, v, =
backfill unit weight, B = foundation width (always 100 mm or 4 in), Lg and L, =
foundation length (100 and 200 mm or 4 and 8 in for square and rectangular foun-
dations, respectively), and D = foundation depth. Table 5-3 summarizes the val-
ues for the nine combinations of depth and unit weight. These data indicate
that the normalized capacities of square foundations averaged between 1.13 and

1.91 times the values for rectangular foundations.

The mean shape capacity ratios are plotted in Figure 5-3 versus D/B. These data
have been extrapolated to a ratio of 1.0 at zero depth. As shown, the shape
capacity ratio decreases with decreasing D/B and soil density. Individual shape
capacity ratios also were computed on the basis of measured uplift capacity, as
compared with normalized uplift capacity. The two capacity ratios were virtu-
ally identical, and therefore the shape capacity ratios based on measured capac-

ity have not been shown, the average difference being only 0.6 percent.

The interpreted shape capacity ratios are listed in Table 5-4. These values
were developed from Figure 5-3 and Table 5-3, de-emphasizing apparently anoma-
lous capacities at D/B = 1 that are high for dense soil and low for medium dense
soil. These values are consistent with other published laboratory model inves-
tigations. For example, the average shape capacity ratio of 1.75 for D/B = 3

measured in this study is close to the value of 1.6 measured in medium dense



Table 5-3

SHAPE CAPACITY RATIO DATA

Square Models Rectangular Models Shape Capacity Ratio
Test Test (Qus)n Test Test (Qurin Rge Mean Rg.
Code Numbers Code Numbers per group
LLS-1 4 2.13 LIR-1 5 1.56 1.36
IMS-1 33 2.63 IMR-1 45 2.02 1.30
LDS-1 39 3.88 LDR-1 52 3.46 0.83
MLS-1 2,7,8 2.88 MIR-1 37 2.53 1.14
DLS-1 18 2.67 DIR-1 53 3.81 0.70
VLS-1 71 4.80 VLR-1 69 3.28 1.46 1.13
MMS -1 6 2.78  MMR-1 13 2.98 0.93
MDS-1 9 4.30 MDR-1 11,82,88 2.78 1.54
DMS-1 16,19,89 4.06 DMR-1 25 3.13 1.30 1.26
VMS-1 34 4.38 - - - -
DDS-1 17 4,84 DDR-1 28 3.52 1.37
VDS-1 72 5.51 VDR-1 30 2.70 2.04 1.71
LLS-2 40 2.92 LIR-2 76 2.18 1.34
LMS-2 54 3.07 LMR-2 58 2.27 1.35
LDS-2 57 3.42 LDR-2 43 2.56 1.34
MLS-2 41 7.95 MIR-2 10 4.32 1.84
DLS-2 61 5.59 DIR-2 22 4.37 1.28
VLS-2 65 8.15 VIR-2 73 2.86 2.85 1.67
MMS -2 46 5.59 MMR-2 23,26 3.69 1.52
MDS-2 1 6.95 MDR-2 21 3.91 1.78
DMS-2 29 10.50 DMR-2 24 5.55 1.89
VMS-2 64 9.65 VMR -2 63 5.01 1.93 1.78
DDS-2 15,90 10.28 DDR-2 20 6.93 1.48
VDS-2 47 10.49 VDR-2 3 5.08 2.06 1.77
LLS-3 50 3.87 LLR-3 42 2.67 1.45
IMS-3 44 4.09 IMR-3 35 2.61 1.57
LDS-3 36 4.60 LDR-3 49 3.56 1.29
MLS-3 83 6.76 MIR-3 38 5.58 1.21
DLS-3 67 12.67 DIR-3 66 5.24 2.42
VLS-3 74 8.76 VIR-3 62 4.82 1.82 1.63
MMS-3 31 8.25 MMR-3 48 4.96 1.66
MDS-3 84 7.70 MDR-3 27 5.07 1.52
DMS-3 56 21.36 DMR-3 60 8.89 2.40
VMS-3 68 13.03 VMR -3 32 6.39 2.04 1.91
DDS-3 59 21.92 DDR-3 55 13.58 1.61
VDS-3 51 18.11 VDR-3 75 10.22 1.77 1.69
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Table 5-4

INTERPRETED SHAPE CAPACITY RATIOS

D/B Unit Weight? Shape Capacity RatioP
1 loose 1.10
1 medium dense 1.40
1 dense 1.60
2 loose 1.70
2 medium dense 1.75
2 dense 1.75
3 loose 1.75
3 medium dense 1.75
3 dense 1.75

a - looser unit weight of native soil and backfill
b - ratio of normalized uplift capacities for square
and rectangular foundations (Equation 5-1)

sand by Rowe and Davis (1l).

For extremely shallow foundations, as D/B approaches zero, the shape capacity
ratio approaches one. At these depths, the capacity is almost exclusively from
backfill weight, which is proportional to foundation area. Therefore, shape has

little influence on normalized uplift capacity at shallow depths.



As the depth increases, a larger percentage of the capacity is caused by shear-
ing resistance along a surface extending upward from the foundation perimeter.
However, this perimeter does not increase in proportion to the foundation area.
For example, a square has 2/3 the perimeter but only 1/2 the area of a rectangle
with the same width and L/B = 2. The shape capacity ratio accounts for this
difference. Because the percentage of capacity attributable to shearing of the
soil increases with depth, shape capacity ratios also increase slightly with

depth.

In general, shape capacity ratios depend on soil type, relative density, and
geometry. In addition, shape capacity ratios have been defined in several dif-
ferent ways in various studies, further complicating their use and comparison
between studies. Therefore, it is important to recognize that the shape capac-
ity ratios derived in this study are useful primarily for averaging the present
test results and evaluating the influence of changes in the foundation geometry

from square to rectangular (L/B = 2).

The shape capacity ratios were used to average the capacity data as follows:

(a) For measured uplift capacity, the data for square founda-
tions were used directly. The data for rectangular foun-
dations first were corrected for area by dividing by the L/B
ratio (= 2), and then these results were multiplied by the
appropriate shape capacity ratio from Table 5-4.

(b) For normalized uplift capacity, the data for square founda-
tions were used directly. The data for rectangular foun-
dations were corrected for shape by multiplying each nor-
malized value by the appropriate shape capacity ratio from
Table 5-4.

(c) After the above corrections, the data were averaged for

square and rectangular foundations at the same conditions of
depth, native soil density, and backfill density.

The resulting data are discussed in the remainder of this section.

In contrast with the capacity data, no shape corrections were made for the dis-
placement data, because analysis of the data showed no systematic and statisti-
cally significant differences in the displacement behavior of square versus rec-

tangular foundations.

MODEL FOUNDATION CAPACITY

Both the actual and normalized uplift capacities were evaluated as a function of



the test parameters. In the following, the results are mean values based on

tests of both square and rectangular models, averaged as described previously.

Effect of Native Soil and Backfill Unit Weight

Figures 5-4 and 5-5 show the actual and normalized uplift capacities versus the
backfill density (loose, medium, dense) for the four native soil conditions
evaluated (loose, medium, dense-tamped, dense-vibrated). The dense-tamped is
given by a solid line on the same plot as the dense-vibrated, given by a dotted

line. The three families of curves in each plot represent D/B = 1, 2, or 3.
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These figures show that there is only a modest capacity increase with increasing
backfill density for models in loose or medium dense native soil, regardless of
D/B, and in dense native soil for D/B = 1. However, as D/B increases for dense

native soil, the capacity increase is dramatic.

The normalized uplift capacity sometimes is more useful for comparing parameters
than the absolute uplift capacity itself, because it is a dimensionless parame-
ter that minimizes or eliminates the influence of the normalizing parameters.

In this instance, the net uplift capacity (measured uplift capacity minus the
foundation weight) has been normalized by the backfill weight, as shown in Equa-
tion 5-1. With this normalization, the resulting data can be compared more
readily. The normalized uplift capacity also characterizes the mechanical effi-
ciency of the foundation. A normalized capacity equal to 1.0 indicates that the
capacity develops solely from the soil weight above the foundation; as the val-
ues increase above 1.0, the capacity increasingly is derived from mobilized

shear strength in the soil mass above the foundation.

Effect of Depth

Figures 5-6 and 5-7 show the actual and normalized uplift capacities as a func-
tion of dimensionless depth (D/B). The data in these figures are identical to

those in Figures 5-4 and 5-5.

These figures show that the capacity increases with increasing D/B and with
increasing native soil density. The influence of backfill density is small for
loose and medium dense native soil, but it has a major effect for dense native

soils. Vibrated and tamped native soils give comparable results.

These results are significant for the capacity design of uplift-resisting spread
foundations. In particular, if the native soil is loose or medium dense, the
capacity can be increased only moderately by compacting the backfill, and the
capacity will increase roughly proportionally to increasing D/B. However, for
dense native soil, both backfill compaction and increased depth have a signifi-
cant effect in increasing capacity. There is also an interaction between the
two factors, with the depth effect being enhanced by backfill compaction and
vice versa. Comparison of Figures 5-5c¢ and 5-7c indicates that, for dense

native soil, depth has a greater influence on capacity than backfill compaction.



1500 T T T T T T T
[ a) Loose | b) Medium Dense | c) Dense
z i
, A !
O 1000+ —+
= i 1
o i DT
£ Soof "I /sr-__—
a i %D | 1 ’
T E%ﬁh& 7 i [ & Vibrsted ]
1Dr
L 5/ 1 § 1 e B
(o] 1 1 1 1 1 1 1
[ 2 3 [ 2 3 [ 2 3
Dimensionless Depth, D/B
Figure 5-6. Uplift Capacity versus D/B
25 T T T T Y T T T T
a) Loose b) Medium Dense | c) Dense x D
= 20} + + .
8 o M
8 5 Tamped 0
© "o 15 + + -
z & »
Q. -~
o R )/
o5 of ! ! oL
8 I: Y, a aM oL
52 b §= L Z A Y,
£ sk xD | * 4 ”/’ \ b
S *,.__—Eém M g Vibrated
(I)_—l——__l_—_l_ T R T “——l_——__l__—.l——
| 2 3 | 2 3 | 2 3

Dimensionless Depth, D/B

Figure 5-7. Normalized Uplift Capacity versus D/B

HORIZONTAL SOIL STRESSES AT FAILURE

Horizontal stress is a significant factor in determining the uplift capacity of

spread foundations, as described in Section 2. In Equation 2-2, the side resis-
tance is directly proportional to the horizontal stress on a vertical shear sur-
face extending upward from the foundation perimeter. For D/B > 2 and for medium
dense and dense soils, this side resistance constitutes the major portion of the

uplift capacity. Therefore, it is important to recognize the factors



controlling the horizontal stresses.

The scale of the present tests, with width (B) = 100 mm (4 in), did not allow
direct measurement of the horizontal stresses during the tests. Alternatively,
an attempt was made to evaluate the horizontal stresses by back-calculation.
However, uncertainties related to the operative friction angle on the failure
surface, in conjunction with backfill and native soils having differing unit
weights, prevented a definitive determination of the horizontal stresses during

the tests.

For this reason, the horizontal stresses were analyzed implicitly by evaluating

the parameter B. Using this approach, the side resistance is given by:

in which Qg, = side resistance, Qu = uvplift capacity, Wg = foundation weight, vy
= backfill unit weight, B, L, and D = foundation width, length, and depth, P =
foundation perimeter, (EV)avg = average vertical effective stress over depth D,
and f is given as:

B = K tan ¢ (5-3)
in which K = operative coefficient of horizontal soil stress and ¢ = soil fric-

tion angle. By re-arranging Equation 5-2, the average value of B can be back-

calculated as follows:
The term in brackets represents the average shear stress on the failure surface.

Effect of Native Soil and Backfill Unit Weight

Figure 5-8 shows B8 as a function of backfill unit weight for the three native
soil density states. A horizontal dashed line in each figure is shown at g =
1.0 for reference. In each figure, the lower of the 8 values associated with
the native soil and backfill have been plotted. In general, B increases with
increasing native soil unit weight. For loose native soil, § ~ 0.5, except for
shallow D/B where backfill compaction increases 8. For medium dense native

soil, B = 1.0. For dense native soil, B increases from about 1.0 for loose



backfill to between 1.5 and 3.0 for dense backfill.

In these tests, backfill densification generally had only a modest effect on 8
when the native soil was either loose or medium dense. However, as the native
s0il became dense, backfill densification had a significant beneficial influence
on B. This effect may result from increased strength and ability to provide
resistance for shear-based dilation as the native soil becomes dense. In prac-
tice, such increases in horizontal stresses would be dependent on careful back-

fill compaction at the contact between the backfill and native soil.

Effect of Depth

In Figure 5-9, B is shown as a function of D/B for loose, medium, and dense
backfill for the three native soil density states. This figure shows that g
decreases slightly with increasing D/B for loose native soil, remains approxi-
mately constant with D/B for medium dense native soil, and increases with
increasing D/B for dense-tamped native soil. The results for dense-vibrated
native soil are not entirely consistent, although it appears that B decreases
slightly with increasing D/B if the backfill is loose and increases if the back-

fill is dense.

Considering the scatter in the experimental data, it appears that D/B has a
relatively small influence on B for loose or medium dense soil. This behavior
should be expected because these soils are normally consolidated to lightly
overconsolidated. However, D/B can have a large influence on 8 for dense soil,
perhaps because of the additional confinement offered during shear-based dila-

tion of such soils.

MODEL FOUNDATION DISPLACEMENT RESPONSE TO LOADING

Although foundation capacity normally can be computed with more accuracy than
foundation displacements under load, it is the displacements that usually cause
damage to structures. If the capacity is exceeded, the displacements are large
and catastrophic; however, even if the capacity is not exceeded, the displace-
ments can exceed the acceptable structure limits and thereby control the design

process.

In the following, the foundation load-displacement response is evaluated using a

secant stiffness (kgg), given by:
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ksp = Qs50/¢50 (5-5)

in which Q59 = one-half of the uplift capacity (Qy) and p5g = displacement at
Q50- This secant stiffness corresponds to a working load equal to one-half the

foundation capacity or a factor of safety of two.



Effect of Native Soil and Backfill Unit Weight

Figure 5-10 shows the effect of backfill density on the secant stiffness. Com-
parison of these plots shows generally consistent trends, with kgg increasing

with increasing D/B and backfill densification.

Effect of Depth

Figure 5-11 shows the effect of D/B on foundation stiffness, using the same data
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as given in Figure 5-10. As shown, the effect of depth is less significant than
backfill density. The three plots show similar results and indicate that the
secant stiffness increases relatively little as D/B increases from 1 to 3. How-

ever, the influence is somewhat greater as the backfill density increases.

These results are significant for the design of uplift-resisting spread founda-
tions. 1If the uplift displacement is used as a design criterion, the test

results show that careful backfill compaction will increase the stiffness sub-
stantially (and thereby decrease displacements under load) for all native soil

density states, with the effect being enhanced for denser soils.

COMPARISON OF RESULTS WITH PREVIOUS EXPERIMENTAL STUDIES

The results obtained in this study were compared with those from other studies.
Comparisons were possible only with tests in which the backfill and native soil
unit weights were equal, because there are no previously reported studies that
examined backfill density states independently from those of the native soil.
The comparisons therefore assume that, if the backfill is approximately the same
unit weight as that of the surrounding native soil, then interface effects can

be neglected and the model behaves as if it were buried in the soil.

Uplift Capacity Comparisons

Comparisons with previous analytical studies were limited to studies involving
axisymmetric or nearly axisymmetric boundary conditions. Several sets of pub-
lished experimental test results are available to compare with the present
tests. The data for comparison included tests with square, circular, or rectan-
gular (L/B = 2) models and D/B from 1 to 3. For comparison, the results were
converted to normalized uplift capacities and are given in Table 5-5. As shown
in Figure 5-12, a good correlation was obtained with published test results in
soils with comparable density states. This comparison applied for loose, medi-
um, and dense soil and for rectangular (loose soil) as well as square founda-
tions, in addition to field ‘and other laboratory tests. It should be noted that
the field results reported by Trautmann and Kulhawy (4) are typically in loose

to medium dense soils. For convenience, they are plotted as loose soils.

Uplift Movement Comparisons

The displacements of an uplift-resisting foundation can be characterized by
evaluating psg, as described previously. This displacement can be evaluated

better than the displacement at failure and is more useful for design.



Table 5-5

SUMMARY OF MODEL TEST RESULTS AND OTHER EXPERIMENTAL STUDIES

Reference  Shape? Type BP D/B Density® ¥ Net Uplift Q, - Wg
(m) State (kN/m3) Capacity _—
Q - Wg (MY 4yBDL

This study S Lab 0.102 1.0 L 16.6 37.0 2.13
S Lab 0.102 2.0 L 16.8 103.0 2.92
S Lab 0.102 3.0 L 17.3 211.0 3.87
Das and S Lab 0.051 1.0 L 14.8 4.1 2.10
Seeley (2) S Lab 0.051 2.0 L 14.8 16.3 4.16
S Lab 0.051 3.0 L 14.8 39.7 6.75
Rowe and S Lab 0.051 3.0 L 15.2 33.0 5.48
Davis (1) S Lab 0.051 3.0 L 15.0 33.0 5.54
Esquivel- c Lab 0.076 1.5 L 12.7 17.8 2.69
Diaz (3) C Lab 0.076 3.0 L 12.8 61.9 4,65
Trautmann S Field 2.500 1.2 L-M 18.5 649000.0 1.88
and S Field 2.500 1.2 L-M 18.5 611000.0 1.77
Kulhawy (4) S Field 1.830 0.8 L-M 18.5 150000.0 1.55
S Field 1.830 0.8 L-M 18.5 151000.0 1.56
S Field 0.840 2.7 L-M 18.5 85000.0 2.77
S Field 0.840 2.7 L-M 18.5 115000.0 3.75
S Field 0.840 2.7 L-M 18.5 137000.0 4.46
S Field 0.840 2.7 L-M 18.5 117000.0 3.81
S Field 0.880 2.6 L-M 18.5 231000.0 6.86
S Field 1.070 2.1 L-M 18.5 272000.0 5.46
S Field 1.160 2.0 L-M 18.5 239000.0 4.08
S Field 1.160 2.0 L-M 18.5 321000.0 5.48
S Field 2.130 2.0 L-M 18.5 1129000.0 3.07
S Field 2.130 2.0 L-M 18.5 1507000.0 4.09
S Field 2.130 2.0 L-M 18.5 1793000.0 4 .87
S Field 2.130 2.0 L-M 18.5 1865000.0 5.07
S Field 2.130 2.0 L-M 18.5 1829000.0 4.97
S Field 2.130 2.0 L-M 18.5 765000.0 2.08
S Field 2.130 2.0 L-M 18.5 1112000.0 3.02
S Field 2.130 2.0 L-M 18.5 966000.0 2.62
S Field 2.130 2.0 L-M 18.5 1779000.0 4,83
S Field 2.130 2.0 L-M 18.5 1367000.0 3.71
S Field 2.130 2.0 L-M 18.5 1549000.0 4,21
S Field 3.050 1.0 L-M 18.5 1338000.0 2.37
Stewart and S Field 1.450% 2.2 L 18.8 463000.0 3.48
Kulhawy (3) S Field 2.130 1.3 L 18.8 609000.0 2.52
S Field 0.910 2.4 L 18.8 141000.0 4.13
This study ) Lab 0.162 1.0 M 18.5 54.0 2.78
S Lab 0.102 2.0 M 19.9 233.0 5.59
S Lab 0.102 3.0 M 18.9 490.0 8.25
Baker and C Lab 0.076 1.0 M 17.6 23.7 3.89
Kondner (6) C Lab 0.076 2.0 M 17.6 79.0 6.46
C Lab 0.076 3.0 M 17.6 218.9 11.94




Table 5-5

SUMMARY OF MODEL TEST RESULTS AND OTHER EXPERIMENTAL STUDIES (completed)

Reference Shape? Type b D/B Density® v Net Uplift Q, - Wg
(m) State (kN/m3) Capacity —_—
Qu - Wg (D4 4 BDL

Balla (7) C Lab 0.090 1.1 M 16.9 50.0 4.65
C Lab 0.090 1.7 M 16.9 103.0 6.39
C Lab 0.090 2.2 M 16.9 191.3 8.90
c Lab 0.090 2.8 M 16.9 308.0 11.46

Clemence and C Lab 0.120 1.0 M 16.7 74.8 3.30

Veesaert (8) C Lab 0.120 2.0 M 16.7 321.8 7.10
C Lab 0.120 3.0 M 16.7 890.7 13.10
C Lab 0.120 3.0 M 16.7 856.7 12.60

This study S Lab 0.102 1.0 D 19.9 101.0 4. 84
S Lab 0.102 2.0 D 20.3 437.5 10.29
S Lab 0.102 3.0 D 20.0 1380.0 21.92

Esquivel- C Lab 0.076 1.5 D 15.1 64.2 8.17

Diaz (3) C Lab 0.076 1.5 D 15.1 60.5 7.70
o] Lab 0.076 1.5 D 15.1 57.0 7.27
C Lab 0.076 3.0 D 14.9 288.2 18.58
C Lab 0.076 3.0 D 14.9 268.6 17.24
C Lab 0.076 3.0 D 14.9 270.9 17.42

This study R Lab 0.102 1.0 L 16.2 53.0 1.56
R Lab 0.102 2.0 L 18.9 172.0 2.18
R Lab 0.102 3.0 L 18.1 304.0 2.67

Das and R Lab 0.051 1.0 L 14.8 7.7 1.97

Seeley (2) R Lab 0.051 2.0 L 14.8 24.5 3.12
R Lab 0.051 3.0 L 14.8 54.4 4.62

Rowe and R Lab 0.051 3.0 L 14.8 38.0 3.22

Davis (1) R Lab 0.051 3.0 L 15.0 41.6 3.48

a - C = circular, S = square

b - for circular models, B = diameter: for square models, B = width

¢ - L =1loose, M = medium dense, D = dense

d - Wg = foundation weight

e - length = 1.52 m

Possible comparisons with the displacements obtained in other experimental
studies were limited, however, because the reported data invariably are asso-
ciated with embedded tests. In contrast, most of the tests described in this
study had backfill unit weights that differed from the native soil unit weight.
Comparisons were limited further because the load-displacement characteristics
in most model studies are not reported, and therefore it was not possible to

evaluate pgg.
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Figure 5-12. Comparison of Test Capacities With Other Experimental Studies

One useful comparison can be made with a study of full-scale field load tests
(4), in which statistics were reported for 26 tests on steel plate and concrete
slab foundations in granular soil. An evaluation of these field data showed
that the normalized displacements at one-half the failure load were log-normally
distributed. The mean normalized displacement (p5q/D) was 0.0013, and the upper
95% confidence limit was 0.0035. The field data did not, in general, contain
information on soil unit weight or degree of compaction, so all of the test data
were lumped together. However, it would be reasonable to assume that, on aver-

age, the data represent a loose to medium dense soil state.

The mean value from the 26 field tests is plotted in Figure 5-13, along with the
data from this study where the backfill and native soil had equal density

states. This figure shows that the displacements observed in the field tests
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were, on average, about one-fifth and one-third as large as those in the labor-

atory tests with loose and medium dense soil, respectively.

Such discrepancies between the load-displacement characteristics of field and
laboratory-scale foundation tests are observed commonly. In many instances,
they are caused by effects that do not obey normal scaling laws, such as pro-
gressive rupture and differences in the in-situ stress states at differing
scales. Such effects do not in any way invalidate the parametric behavior
observed in the laboratory. However, they serve to underscore the importance of
full-scale tests in calibrating and validating analytical or empirical models of

foundation behavior that are based solely on observations of small-scale models.

INTERPRETATION OF HORIZONTAL STRESS

Although it was not possible to measure the horizontal stress in the model
tests, reasonable inferences still can be made from the test results. In Appen-
dix A, a first-order evaluation was made of the in-situ coefficient of horizon-
tal soil stress (Ky,) for the model tests. The approximate average range in K,
is given in Table 5-6. Based on these stress ranges, the range in the soil

friction angle can be estimated from Figures 4-2 and 4-3, and it also is given
in Table 5-6. Then, assuming construction that brings the soil back to its ori-
ginal stress state (K/Ky = 1), B can be computed from K tan ¢ as shown in the

table.



Table 5-6

INTERPRETED RANGES IN S

Density State of Approximate
Backfill and Property Range Interpreted B
Native Soil K, é K tan ¢! Fig. 5-8, 5-9 Fig. 5-12  r2
Loose ~ 0.5 33 - 35° 0.3 - 0.4 0.4 - 0.5 0.69 0.504
Medium 1.0 - 1.25 40 - 43° 0.8 - 1.2 0.9 - 1.1 1.66 0.835
Dense 2.0 - 3.0 45 - 48° 2.0 - 3.3 1.4 - 3.1 2.62 0.9422
1 - assuming K/K, =1
2 - disregarding one high point

The value of B also can be interpreted directly from the model test results, as
shown previously in Figures 5-8 and 5-9. For backfill and native soil of the
same density, the approximate B values are given in Table 5-6. These results
give a somewhat higher B for loose soil, probably because of densification dur-
ing testing, but the results are comparable for medium dense and dense soil.

The dense lower bound is lower because of wedge breakouts.

Values of B also can be determined from the data in Figure 5-12.

2-1 and

From Equations
2-2, the uplift capacity in homogeneous soil is given by:
(5-6a)

Qu = Qgu + Qeu + Wg + Ve

= % [2(B + L)} p2 Tn K tan é + 0 + y,BLD + Wg (5-6b)

with all terms defined in Section 2. This equation can be re-arranged as fol-

lows:

(Qy - Wg)/vpBLD = 1 + [(B + L)/L] (D/B) B (vp/7p) (5-7)
For backfill and native soil of the same density, the ratio vy,/yy = 1. Then,
for square/circular foundations in homogeneous soil, Equation 5-7 becomes:

(Qu - Wg)/7pBLD = 1 + 28 (D/B) (5-8)



Linear regression of the data in Figure 5-12 can be interpreted using Equation
5-8 to yield the mean B for each data set, as given in Table 5-6. The coeffi-
cients of determination (r2) for these regressions also are tabulated. These B
values are higher for the loose and medium dense soils than the other B ranges,
but the dense value is within the other 8 ranges. However, it should be noted
that the data in Figure 5-12 come from a number of sources and different soil
types. Furthermore, the field data actually include soils of loose to medium
dense consistency, and these data all are plotted with the loose soils. By
inspection, it can be seen that, if some of these data were to be shifted from
Figure 5-12a to Figure 5-12b, the B values for both the loose and medium dense

soils would decrease, probably near to the other B ranges in Table 5-6.

Overall, these test results are consistent with the analytical model described
in detail in Section 2. However, these results suggest a few refinements to

Table 2-1 for evaluating K. These revised guidelines are given in Table 5-7.

SUMMARY

Measurements of the unit weight of both the native soil and backfill were com-
pared and analyzed to evaluate the effect of variations in unit weight on the
model foundation test results. It was shown that the results for square and

rectangular model test results could be averaged to reduce overall scatter in

the data and enhance the usefulness of the results.

Analysis of the model foundation capacity indicates that, for foundations where

Table 5-7

REVISED GUIDELINES TO EVALUATE HORIZONTAL STRESS
IN A BACKFILLED NEAT EXCAVATION

Backfill Coefficient of Horizontal Soil Stress, K Approximate Range of
Compaction Native Soil Backfill Relative Density, Dy (%)
Loose 3/4 R, Ky to Koo 0 - 35
Medium Ky Kone to Ky (native) 35 - 65
Dense 5/4 Ky Ko, (native) to 2/3 Kp 65 - 100

Note: K, = tan®(45 - ¢/2); K o = 1 - sin ¢; Kp = 1/Ky



the native soil is loose or medium dense, little increase in capacity can be
expected from backfill compaction. However, for foundations in dense native

soil, backfill compaction can increase the uplift capacity significantly.

In contrast, it appears that the stiffness of the foundation load-displacement
response can be improved significantly by backfill compaction for all native
soil densities. Because displacements often control the uplift design of spread

foundations, this result has important design implications.

Comparisons between the present results and those from previous studies are
somewhat difficult for two reasons. First, this study is the first one pub-
lished in which the backfill density state was varied independent of the native
soil density state. Second, because many previous studies did not document
fully the soil characteristics and test conditions, the tests may not be compar-
able. However, overall, the foundation capacity correlated well with previous
published results, and these results led to revised guidelines for evaluating
the soil stress coefficient. For the foundation stiffness, the results are
highly sensitive to density state as well as other soil characteristics. With-
out a good description of all pertinent factors, it is difficult to make reli-

able stiffness comparisons among laboratory and field test data.
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Section 6

SUMMARY AND DESIGN RECOMMENDATIONS

An extensive laboratory testing program on model spread foundations was carried
out to investigate the influence of backfill density state, native soil density
state, foundation depth, and foundation shape on the uplift capacity and load-

displacement response of spread foundations in cohesionless soil. This study is

summarized below and is concluded with design recommendations.

TEST CONDITIONS

The laboratory tests were conducted in dry Cornell filter sand, a glacial out-
wash soil. For nearly all tests, the model foundations were placed in an exca-
vated hole and backfilled with the same soil that was, in general, at a differ-
ent density state. For all of the model foundations, the width (B) was 100 mm
(4 in), the dimensionless depth (D/B) ranged from 1 to 3, the aspect ratio (L/B)
was 1 or 2, and loose, medium, or dense sand was used for both backfill and
native soil. Numerous density tests were performed to ensure consistency and
uniformity of the soil deposits. Once in place, the foundations were tested by
applying a slow uplift displacement and measuring both force and displacement.

The mode of failure was noted after each test.

TEST RESULTS AND INTERPRETATION

The test results, shown in Section 4 and analyzed further in Section 5, show
that foundation capacity increases moderately with depth for loose and medium
dense native soil, while it increases dramatically with depth for dense native
soil. The effect is greater for denser backfills. These results indicate that,
if the native soil is loose or medium dense, the capacity can be increased only
moderately by compacting the backfill and that the capacity increases roughly

proportionally to increasing D/B.

Regarding displacements, the test results show that careful backfill compaction
will increase the stiffness substantially (and thereby decrease displacements
under load) for all native soil density states, with the effect being enhanced

for denser soils. Because most uplift-resisting foundations are controlled by



displacement rather than capacity, this conclusion indicates that compaction can

reduce significantly the required size and/or depth of foundations.

A comparison of test results with previous published studies showed good agree-
ment between the capacity measured in the present tests with those measured in
previous tests. Previous tests commonly did not report one or more relevant
soil properties and load-displacement data, and therefore detailed comparison of

displacements under load was not possible.

DESIGN RECOMMENDATIONS
General

As shown in this study, the soil and geometric variables determine in large part
the capability of the soil-foundation system to resist uplift loads. Apart from
the actual area of the foundation, the most important variables include the
dimensionless depth (D/B), backfill compaction, and native soil density state.
Other factors that influence the capacity to a lesser extent include the aspect

ratio of the foundation (L/B) and the soil unit weight.

The recommended design procedure consists of three principal steps. First, the
capacity is predicted using the general procedure given in EL-2870 (1). Second,
the displacement corresponding to 50 percent of the failure load is predicted
from full-scale field uplift load test data (2, 3). Alternatively (and prefer-
ably), the displacement can be determined from full-scale field uplift tests.
Finally, the strength and displacement limits are used to model the load-dis-

placement behavior for design.

Capacity

For the majority of field conditions, the capacity is given by:

Qu=Qy + W (6-1)
in which Q, = uplift capacity, Qgy = side resistance in uplift, and W = weight
of the foundation and backfill. In this equation, the uplift resistance result-

ing from tension or suction below the foundation has been assumed to be zero.

Assuming constant soil properties with depth, the Qgy term can be evaluated from

Equation 2-2 as follows:



Qgy = 1/2 P D2 (y K tan ¢), 4, (6-2)

in which P = foundation perimeter, D = foundation depth, v = soil unit weight, K
= operative coefficient of horizontal soil stress, and ¢ = soil friction angle.
The (y K tan ¢) term should be evaluated for both the native soil (n) and back-
fill (b), and the minimum value is used for design. Guidelines for K are given
in Table 5-7. The average values of K and ¢ are used over the depth D. If the
soil properties are not constant with depth, a layered approach can be used.
Equation 6-2 applies for square and rectangular foundations with L/B less than
1.5, because this and other studies have shown that rectangular foundations with

L/B > 2 lead to shape effects that reduce uplift capacity.

As demonstrated in the laboratory tests as well as by field observations, two
failure modes other than vertical shear can occur. In loose soil and/or for
high D/B, the vertical shear may give way to a punching mechanism that does not
show disturbance at the ground surface. 1In this instance, the uplift capacity

can be computed from bearing capacity theory according to Equation 2-4.

Alternatively, for shallow foundations where the horizontal stress coefficient
is relatively high, the vertical shear model may be modified and appear as a
cone or wedge breakout. The conditions under which this mechanism occurs are
not yet fully understood; however, based on results obtained for drilled shaft
foundations, it appears that this mechanism may occur for K > 1 and for D/B < 6.
If this mechanism occurs, the side resistance is modified in accordance with

Equation 2-3.

Displacement Response

The displacements corresponding to 50 and 100 percent of the uplift capacity
constitute a convenient index of the stiffness of the foundation response to
load. The results of parametric studies reported herein have shown that the
stiffness depends primarily on backfill compaction; properly compacted backfill
leads to a stiffer response and can reduce significantly the required foundation

size.

Based on the results of 27 field tests on full-scale spread foundations with

primarily loose backfills, Stewart and Kulhawy (4) found:

psg = 0.01 D (6-3)



pg = 0.06 D (6-4)

in which p5g and pg = displacements corresponding to 50 and 100 percent of the
failure load, with 95 percent confidence, meaning that 95 percent of the inves-
tigated foundations had a response stiffer than that indicated by Equations 6-3
and 6-4. As pointed out by Ismael (5), proper compaction can decrease displace-
ments and stiffen the response by a factor of more than two. These equations
can be used for displacement prediction when no load test data are available for

field conditions comparable to those in design.

Load-Displacement Response

Once the uplift capacity (Q,) and displacements (p50 and pg) have been estab-
lished, the load-displacement response can be modeled by the normalized hyper-

bolic curve given below (3, 4):

zZ Z
5/ (0.012 + 0.8 %) (6-5)

Equation 6-5 is shown graphically in Figure 6-1 and represents a
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Figure 6-1. Recommended Load-Displacement Relationship for Design of
Uplift-Resisting Spread Foundations in Cohesionless Soils

Source: Stewart and Kulhawy (4), p. 6-31.



load-displacement curve that can be used for any uplift-resisting spread founda-
tion where D/B < 3. Because most designs will incorporate a factor of safety of
at least 1.5, the design load generally will be on the initial portion of the
curve in Figure 6-1. Therefore, uncertainty in the failure displacement (pg)

has a small influence on the predicted displacements at design loads.

Additional Design Considerations

Designs based on the above procedure should be tempered with several additional

considerations.

First, the data on which the load-displacement curve is based were obtained from
foundation tests in which B/D was three or less. The relationship should not be
used for deep plates, anchors, or other foundation elements where the embedment

ratio is greater than three.

Second, the curve is based on 95 percent upper confidence limits obtained from
the field test data. Under normal conditions, one foundation in twenty will
exhibit a displacement that exceeds the value predicted. Correspondingly, the
vast majority will exhibit smaller displacements; in some cases, these displace-

ments will be significantly smaller.

Third, because most designs incorporate a factor of safety of at least 1.5, the
design load generally will be on the initial portion of the curve in Figure 6-1.
Therefore, uncertainty in the failure displacement has a small influence on the

computed displacements at design loads.

Fourth, other factors being equal, a dense sand will exhibit a stiffer load-dis-
placement response than a loose sand. The tests on which Figure 6-1 is based do
not give sufficient information to permit evaluation of the effects of compac-
tion. However, the data from the present test program show conclusively that

backfill compaction results in significantly reduced displacements.

Fifth, full-scale field uplift tests can be valuable in refining the load-dis-
placement response of spread foundations. In some instances, significant reduc-
tions in the volume of required excavation can be realized, accompanied by

increased confidence in the design capacity.
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Appendix A

EXPERIMENTAL MODELING AND SIMILITUDE

The experimental models were designed for similitude with field prototypes to
simulate field conditions as much as possible. The similitude was evaluated by

dimensional analysis.

DIMENSTIONAL ANALYSIS

Dimensional analysis is a procedure in which the influential variables are iden-
tified, dimensionless products are formed, and then the similitude between model
and prototype is evaluated. Similitude, or the degree of similarity, then can
be evaluated as: (a) complete similarity, with all dimensionless products iden-
tical between model and prototype, (b) first order similarity, with departure
from complete similarity for certain variables of secondary importance, or (c)
beyond first order similarity (l). The degree of similarity indicates the ade-

quacy of the model for predicting prototype behavior.

For this study, the influential variables are listed in Table A-1. Dimension-
less products were formed from these variables using the Buckingham Pi Theorem,
which states that any dimensionally homogeneous equation can be reduced to an
equivalent equation involving a complete set of dimensionless products (1). For
this study, thirteen dimensionless products were formed from the difference
between the number of variables given in Table A-1 and the number of fundamental
measures involved (force and length). The prediction equation then would be

some function of the following products:
T = f(?l'l, Ty ey 1l'13) (A-1)

The thirteen dimensionless products are obtained by first selecting the same
number of primary variables as fundamental measures involved. For this problem,
stress (Xg) and foundation depth (Xj3) are logical primary variables. The fun-
damental measures are expressed in terms of these primary variables as F =
(X13)2 Xg and L = X3, and then each physical variable in Table A-1 is described

in dimensional form using these definitions of F and L. Finally, these



Table A-1

PHYSTCAL VARIABLES FOR MODELING UPLIFT OF SPREAD FOUNDATIONS

Variable Variable Description Symbol Dimensional Units
Xq Elastic modulus of soil Eg FL™2
X9 Unit weight of soil Tg FL-3
X3 Poisson’s ratio of soil Vg dimensionless
Xy Friction angle of soil b dimensionless
X5 Stress o FL-2
Xg Foundation elastic modulus Eg FL-2
X5 Poisson’'s ratio of foundation Vg dimensionless
Xg Foundation shaft length D¢
Xg Foundation shaft diameter Bg L
X10 Foundation plate length L L
X11 Foundation plate width B L
X190 Foundation plate thickness t L
X3 Foundation depth D L
X14 Roughness R dimensionless
X15 Friction angle of interface ) dimensionless

dimensional physical variables are normalized by the primary variables to yield

the dimensionless products given in Table A-2.

Each of these products is formed for both prototype and model, and their ratio
("p/"m) is compared to assess the level of similarity for each product. Com-

plete similarity is achieved when "p/"m is equal to 1.

The dimensionless products were grouped into those addressing material and geo-
metric similitudes. Similitude then was examined between typical prototypes and
the proposed experimental models to assess the similarity in each category, as

described in the following.

MATERIAL SIMILARITY

A soil-structure interaction problem requires that similarity be maintained for



Table A-2

RESULTS OF DIMENSIONAL ANALYSIS

Dimensionless Product

Number Description Remarks
k]
Ty Eg/o Soil rigidity similitude
Lo} a/vgD Stress state similitude
LEY Vg Material property similitude;

invariable over scale changes

wy P Soil strength similitude;
scale-dependent variations

g Eg/a Foundation rigidity similitude;
negligible scale effects
g Ve Foundation material property

similitude; invariable over
scale changes

7 Dg/D Foundation geometry similitude
g Bg/D Foundation geometry similitude
g L/D Foundation geometry similitude
710 B/D Foundation geometry similitude
11 t/D Foundation rigidity similitude
19 ) Interface strength similitude
13 R Roughness similitude

the materials. For the soil, similitude is required for the soil stress state,
strength, and rigidity. For the structural system, foundation rigidity simili-
tude is needed. It is assumed that the soil Poisson’s ratio (vg) and foundation
Poisson’'s ratio (vg) do not vary with scale so that similarity is achieved for
ny and mg. Interface roughness (R) is nearly impossible to quantify at this
time, so it is not known whether similitude is achieved for wy3. However, it is

believed this influence is minor.

Soil Stress State

The stress state can be defined by the ratio of horizontal to vertical stresses
(K). To achieve similitude, the distribution of K with depth should be the same

for the model and prototype, which occurs when the dimensionless product, mp =



lon/7g Dl, = [on/7g D]p is satisfied along the depth of the foundation.

No field load test data were available to define the precise stress history of
the prototypes, so stress profiles with depth were developed. Because of the
lack of prototype data, profiles of the in-situ stress (Ky) were used. This
process included direct measurements at the model scale used, other direct meas-

urements made on large-scale models (2), and an analytical model for Ko (3).

To establish the initial stress state, the in-situ horizontal stress was meas-
ured using Cornell Stress Cells (4) in soil deposits that were prepared in the
same way as those for the model tests. One deposit was created for each native
soil density, and the stress cells were located at four depths to measure the
horizontal stresses. Unit weight measurements also were made at these depths to
assess the variability of the deposit. The results of these tests are given in
Table A-3, and the measured in-situ K, profiles are shown in Figure A-1. The
loose deposit shows the typical normally consolidated profile with K, constant
with depth, while the others show typical overconsolidated profiles.

For loose, normally consolidated prototype and model deposits, K, remains con-

o
stant with depth and is given by (3):

Kope =1 - sin ¢ (A-2)

For this case, the horizontal stresses increase in direct proportion to the ver-
tical stresses, so the scale of the foundation determines the level of stresses
for both the prototype and model. Similitude is maintained by scaling with the

ratio of vertical stresses or depths, if the soil unit weight is the same.

For the dense, overconsolidated deposit, the distribution of K, with depth is
not constant. Figure A-2 shows the results obtained from large-scale laboratory
tests in dense filter sand (2), compared with predictions from an analytical
representation of K, (3). The stress history in the laboratory was predicted

roughly by using an equivalent static surcharge of 520 kN/m2 (5.43 tsf).

The mean prototype profile was selected for use and then was adjusted to the
scale of the deepest models over a depth of 0.3 m (1 ft), as shown in Figure
A-3. The experimental K, profile was obtained from Figure A-1. As can be seen,
the agreement is only fair. Considering the assumptions involved and the dif-

ferent soil types, the similitude can be said to be qualitatively reasonable.



Table A-3

MEASURED IN-SITU K, PROFILES

Soil Stress Cell Soil Unit Weight Measured
Density Depth (mm) (kN/m3) Ko
Loose 76 18.07 0.470
Loose 152 18.14 0.672
Loose 229 18.22 0.474
Loose 305 17.80 0.567

Mean 18.06
Medium 76 19.43 1.730
Medium 152 19.87 0.848
Medium 229 19.56 0.587
Medium 305 19.78 0.123
Mean 19.66
Dense 76 20.50 2.930
Dense 152 20.50 5.150
Dense 229 20.55 1.100
Dense 305 20.42 0.260
Mean 20.49

1 mm = 0.039 in; 1 kN/m3 = 6.37 pcf

In-Situ Horizontal Stress Coefficient, K,
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Figure A-1. Measured K, Profiles for Sand-Silt Deposits

For medium dense soils, the K, profile is given in Figure A-1.

By following the

same procedures for Figures A-2 and A-3, good similitude can be shown.
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Soil Strength and Rigidity

The strength of dry cohesionless soils is represented by the friction angle (4),
Therefore, the dimensionless equality, =, =

which varies with stress level.
[¢]p, must be maintained for similitude at comparable stress levels.

(¢ln =



For the model tests, the soil strength was correlated to the unit weight and
stress state of the soil deposit. Because of the low stress level associated
with the scale of testing, somewhat higher values of soil strength are applica-
ble to the model than would be expected in full-scale foundation systems. The

same will be true for the interface strength (6§ = m19).
A similar problem exists with the soil rigidity, given by =j. The soil modulus
(Eg) is a complex function of ¢ and the stress level, and therefore it is likely

to be somewhat different between the model and prototype.

Foundation Rigidity

Foundation rigidity similitude was obtained by examining the modulus and thick-
ness of the foundation plate. For both prototypes and models, the modulus is
the same because steel is used for both. Since the modulus of steel is very
much larger than the soil stress, ng = Eg/o will be very large for both the pro-

totype and model. Small variations in ¢ will have little effect on this term.

Load test case histories (5) suggest a typical average value for the foundation
thickness on the order of 0.4 m (16 in). To obtain similitude, the model foun-
dation thickness was computed from w17 = (t/D)p = (t/D)p and gave a typical val-

ve of 6.4 mm (0.25 in). This model is basically a rigid plate.

GEOMETRIC SIMILARITY

For geometric similarity, the dimensions of the foundation models were chosen to
represent the range of geometric dimensionless products for the prototypes (w7,
ng, mg, 71g9)- Typlcal ranges from load test summaries (5) give the following:
g = (B/D)p 0.35 to 0.93, ng = (L/D)p = 0.35 to 1.20, and w7 = (Dg/D) = 1.

Values of mg = (Bf/D)p were not available from the load tests, but they are of

i

little importance as long as the foundation shaft or stub is rigid.

The choice of model dimensions also is constrained by any potential boundary
effects imposed by the testing chamber. For this study, the testing influence
zone is defined as the lateral extent of the failure surface of the foundation.
For a spread foundation, the "critical" failure mode is that of cone develop-
ment. In the absence of theoretical formulations, the cone characteristics were
estimated from empirical correlations (2), which plot the depth of cone to total
depth ratio (z/D) against B, in which g8 = Kavg tan 6§ for the soil, for different

depth to diameter ratios. For an average horizontal stress (Kavg), friction



angle (4), and foundation geometry, the depth of cone can be determined. For a
cone inclination equal to ¢, the lateral extent of the cone is z/tan'1 ¢. The
acceptable boundaries of the testing influence zone then can be determined and
compared to the test pit boundaries. Comparisons were made for several founda-
tion widths and depths, typical ¢ values, and Kavg up to 4.0. For these cases,

the maximum model width was 0.1 m (4 in).

Based on the boundary effects study, a square model [0.1 x 0.1 m (4 X 4 in)] and
a rectangular model [0.2 x 0.1 m (8 x 4 in)] were selected for testing at depths
of 0.1, 0.2, and 0.3 m (4, 8, and 12 in). The loading shaft was 6.4 mm (0.25
in) diameter. These dimensions give the dimensionless products: w19 = (B/D), =
0.33 to 1.00, mg = (L/D), = 0.33 to 2.00, n7 = (Dg/D) = 1, and ng = (Bg/D) =

0.02 to 0.06. These ranges are comparable for the models and prototypes.

SUMMARY

Complete similarity is achieved for all of the geometric variables and some of
the material variables. Of greatest concern is scaling the soil stresses and
the soil properties that are stress-dependent, particularly ¢o and E;. Overall,

it is believed that first order similarity is achieved for the model tests.
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Appendix B

SOIL PLACEMENT AND UNIT WEIGHT MEASUREMENT

SOIL PLACEMENT

The methods commonly used to place granular soils at uniform consistencies are
pluviation and compaction. Pluviation consists of dropping the soil through air
from a constant height through a spreading apparatus. Compaction consists of
placing the soil in layers or 1lifts and then densifying it by tamping, vibra-
tion, or surcharge placement. Pluviation and compaction by tamping and vibra-

tion were used in this study.

Native Soil

Loose native soil was prepared by pluviation from a height of 13 mm (0.5 in)
using a hand scoop. Medium dense native soil was prepared by pluviation in 75
mm (3 in) lifts. After each lift was placed, a 6.4 mm (0.25 in) thick plywood
plate was placed over it, and a small electric vibrator was run over the plate
for 10 seconds at minimum amplitude. The dense-vibrated native soil was pre-
pared in a similar way, except that 50 mm (2 in) lifts were used and the vibra-
tion was for 20 seconds at maximum amplitude. The dense-tamped native soil also
was prepared in 50 mm (2 in) lifts, but then the plate was tamped twice with a

standard compaction hammer over the plate surface.

The vibration criteria were established by varying the 1lift thickness, vibration
time, and amplitude. Control samples were prepared in a stiffened plywood box
(300 x 307 x 128 mm or 11.8 x 12.1 x 5.0 in) over a range in parameters. The
results are shown in Figures B-1 and B-2. The dense-tamped criterion was estab-

lished to achieve essentially the same unit weight as the dense-vibrated case.

Backfill

Loose backfill was prepared by pluviation from a height of 13 mm (0.5 in) with a
spoon. The medium dense and dense backfills were prepared by pluviation in 50
mm (2 in) lifts and were tamped using a 13 mm (0.5 in) thick plexiglas tamper

centered over a central pipe rod. For the medium dense backfill, a 4.45 N
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(1 1b) weight was dropped ten times from a height of 100 mm (4 in). For the
dense backfill, a 6.67 N (1.5 1b) weight was dropped 20 times from a height of

150 mm (6 in). The tamper plate essentially covered the entire backfill area.

UNIT WEIGHT MEASUREMENTS

The in-situ unit weight was measured to assess the uniformity of the deposits.
Several methods are available to make these measurements (1). However, for dry
cohesionless soil, the instruments most suitable are the density cup and density

scoop. Both are rapid and easy to use, and they cause little soil disturbance.



Density Cup

The density cup is a hollow thin-walled steel tube welded to a flat base, as
shown in Figure B-3. As a soil deposit is created, the cup is placed on the
soil surface and filled. At the end of a test, the cup is retrieved by careful
excavation, and the surface of the soil in the cup is leveled with a straight-
edge. The contents of the cup are weighed to determine the soil weight, and
then the in-situ unit weight is the soil weight divided by the volume of the
cup. This instrument is reliable in dry cohesionless soils (1, 2, 3). For
loosely placed deposits, it was shown to have a coefficient of variation of one

percent (1).

Density Scoop

The density scoop was developed and patented by E. T. Selig as a "Fixed-Volume
Soil Density Measuring Device". It consists of a pair of circular clamshell
jaws mounted on a base plate, as shown in Figure B-4. To make a measurement,
the plate was placed on the soil surface, and the jaws were closed using han-
dles. This action removed a constant volume of soil, which then was weighed.
The weight of the soil removed is related to the in-situ unit weight of the
deposit by prior calibration. The density scoop also is a reliable instrument
in dry cohesionless soils. For denser sand deposits, it was shown to have a

coefficient of variation of one percent (1).

Density Scoop Calibration

The density scoop was calibrated in the plywood box used to determine the soil
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Source: Trautmann, et al. (1), p. 160.
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Figure B-4. Density Scoop

Source: Stewart and Kulhawy (2), p. 188.

placement characteristics described earlier. Following soil placement, the sur-
face was leveled, and the scoop was used at a sampling stress that depended upon
the density of the soil. For loose deposits, a light stress was used. The
quantity of removed soil was weighed and then correlated to the average unit
weight of the deposit. The latter was determined by weighing the box before and
after filling and dividing by its known volume. Thirty-eight calibrations were
conducted at five different density levels, and a best fit curve of average unit
weight and weight of soil scooped was obtained by linear regression, as shown in

Figure B-5. Using a least squares fit, the unit weight of the deposit (y) is

given as:
¥ =0.051 w - 1.35 (B-1)

in which w = weight of soil scooped in grams and y = unit weight in kN/m3.
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The accuracy of the scoop is influenced largely by the operator. Significant
errors are introduced if uneven stress is applied during its use, or if it is
operated on an uneven surface (1, 2, 3). An uneven surface yields reduced unit
weight measurements. To minimize this error, the surface was leveled by a
straight edge during each calibration. If stress is not applied evenly, a bias
results.

high side.

is introduced in the In loose deposits, if too much stress is applied,

the bias lies on the In dense deposits, if too little stress is

applied, the bias is on the low side.

As the amount of stress applied can not be regulated, the operator must maintain
an even force throughout each sampling. However, it is difficult to apply the
same stress from test to test. Therefore, random errors were enhanced during

both calibration and operation.



The random uncertainty for the results of the scoop calibration is estimated
according to the Central Limit Theorem. The most probable mean of 38 calibra-

tions for 95 percent probability is between the limits of:

t s7 t s
v - < y("true mean") < vy + (B-2)
NO0.5 NO.5
in which y = sample mean unit weight (in kN/m3), s, = standard deviation of v,

Y
and N = sample size. For N = 38, t = 2.026 and the random uncertainty is 1.0

percent. The standard error of estimate (s7 w) 1is 0.53 kN/m3 (3.4 pcf).

The error associated with the use of the scoop can be attributed to the random
Variétion of the unit weight of the soil deposit and the operation of the
instrument. The effect of this random variation can be minimized if enough
measurements are taken. With a greater number of measurements, the standard
deviation of the measuring technique decreases. Therefore, the aggregate stand-
ard deviation of the data is reduced. In this way, the distribution of scoop
measurements can indicate approximately the random variation of the soil unit
weight. TFor 95 percent probability, the number of measurements needed for a
standard deviation of 0.45 kN/m3 (2.9 pecf) is between three and four (1).

Therefore, for each test deposit, at least four scoop determinations were made.

UNIFORMITY ASSESSMENT

Uniformity was necessary for both the native soil and backfill. The uniformity
was evaluated by calculating the 95 percent confidence interval (CI) of the unit

weight measurements made for each test by:

€ 5, /805

95% CI = ———— x 100 (B-3)
mean

Values less than 5.0 percent generally are acceptable, and therefore a high
degree of uniformity has been achieved for the native soil deposits. The dis-
tributions of the native soil unit weight measurements are presented as histo-
grams in Figure B-6. The unit weight measurements and statistics for each test
are presented in Table B-1. For the backfill, uniformity could not be assessed,
because measurements by conventional instruments could not be made in the small

sample volume.
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SUMMARY

The soil placement procedures have been described, and the methods for soil unit

weight control have been

presented.

in acceptably uniform soil deposits.

Overall, the placement procedures resulted



Table B-1

UNIT WEIGHT MEASUREMENTS AND STATISTICS

Backfill Meas.P Native Soil Unit Weight (kN/m3)
Test Unit Weight  and 95% c1d
No. Code? (kN/m3) Device Measurements Mean S.D.¢ (%)
1 MD 20.38 4/8 19.59, 19.59, 19.59, 19.67 19.61 0.035 0.3
2 ML 16.42 3/8 19.48, 19.43, 19.64 19.52 0.090 1.1
3 VD 20.69 3/S8 20.64, 20.77, 20.53 20.65 0.098 1.1
4 LL 16.57 1/¢ 16.86 16.86 N/A N/A
5 LL 16.18 1/C 17.28 17.28 N/A N/A
6 MM 18.54 3/8 19.95, 20.10, 20.10 20.05 0.071 0.9
7 ML 16.81 4/S 19.57, 19.56, 19.57, 19.24 19.48 0.142 1.2
8 ML 16.34 3/8 19.57, 19.64, 19.54 19.58 0.042 0.5
9 MD 20.20 3/S 19.48, 19.59, 19.64 19.57 0.067 0.8
10 ML 17.70 3/S 19.71, 19.76, 19.71 19.73 0.024 0.3
11 MD 19.79 3/8 19.56, 19.48, 19.95 19.66 0.205 2.6
12 ML 17.28 4/8 18.85, 18.98, 18.39, 18.41 18.66 0.262 2.2
13 MM 18.38 3/S8 19.24, 19.48, 19.48 19.40 0.113 1.4
14 MD 19.70 3/8 18.50, 18.26, 18.35 18.37 0.099 1.3
15 DD 20.50 7/8 20.19, 20.42, 20.42, 20.10, 20.34 0.132 0.6
. 20.42, 20.42, 20.42
16 DM 18.85 6/S 20.88, 20.53, 20.19, 20.42, 20.46 0.213 1.1
20.42, 20.34
17 DD 19.90 3/ 20.53, 20.59, 20.58 20.57 0.026 0.3
18 DL 17.12 3/8 20.42, 20.38, 20.36 20.39 0.025 0.3
19 DM 19.02 4/8 20.19, 20.40, 20.33, 20.55 20.37 0.130 1.0
20 DD 21.05 2/8 20.19, 20.19 20.19 N/A N/A
21 MD 18.85 3/S 19.43, 19.48, 19.76 19.56 0.145 1.8
22 DL 17.91 5/8 20.10, 20.74, 20.74, 20.89, 20.66 0.286 1.7
20.83

23 MM 18.38 4/ 20.19, 19.79, 20.00, 19.62 19.90 0.215 1.7
24 DM 19.40 4/8 20.10, 20.74, 20.74, 20.89 20.62 0.305 2.4
25 DM 18.90 4/ 20.63, 20.63, 20.67, 20.70 20.66 0.029 0.2
26 MM 18.85 2/C 19.89, 19.56 19.72 0.165 7.5
27 MD 19.64 4/C 19.59, 19.39, 19.35, 19.56 19.47 0.104 0.8
28 DD 19.64 3/8 20.53, 20.72, 20.58 20.61 0.080 1.0
29 DM 20.47 4/8 20.99, 20.85, 20.89, 20.88 20.90 0.053 0.4
30 vD 20.84 3/8 20.64, 20.77, 20.53 20.65 0.098 1.2
31 MM 18.87 4/C 19.32, 19.84, 19.76, 18.88 19.45 0.384 3.1
32 VM 19.07 4/C 20.39, 20.64, 20.33, 20.58 20.48 0.129 1.0
33 M 18.85 4/C 18.20, 18.11, 17.96, 18.02 18.07 0.091 0.8
34 M 18.52 3/8 20.64, 20.19, 20.67 20.50 0.220 2.7
35 M 19.93 4/C 18.12, 18.10, 17.89, 18.10 18.05 0.094 0.8
36 LD 20.19 4/C 18.10, 17.77, 18.14, 17.36 17.84 0.313 2.8
37 ML 16.56 3/8 19.67, 19.62, 19.17 19.49 0.225 2.9
38 ML 17.28 3/C 19.87, 19.98, 20.45 20.10 0.252 3.1
39 LD 18.85 3/C 17.95, 18.31, 18.18 18.15 0.149 2.0
40 LL 16.84 4/C 17.62, 17.94, 17.44, 17.92 17.73 0.210 1.9
41 ML 17.28 3/S8 19.56, 19.90, 19.64 19.70 0.145 1.8
42 LL 18.07 4/C 17.75, 17.88, 17.28, 18.41 17.83 0.402 3.6
43 LD 19.65 3/C 17.86, 17.91, 17.88 17.88 0.021 0.3
44 M 19.19 4/C 18.27, 17.59, 17.67, 17.88 17.85 0.263 2.3
45 M 17.94 3/C 18.50, 17.85, 18.16 18.17 0.265 3.6
46 MM 19.86 4/8 19.48, 19.76, 20.10, 19.56 19.72 0.239 1.9
47 VD 19.86 4/s 20.20, 20.69, 20.64, 20.82 20.59 0.233 1.8
48 MM 19.56 2/C 19.37, 19.15 19.26 0.110 5.1




Table B-1

UNIT WEIGHT MEASUREMENTS AND STATISTICS (Continued)

Backfill Meas.P Native Soil Unit Weight (kN/m3)
Test Unit Weight  and 95% c1d
No. Code? (kN/m3) Device Measurements Mean s.D.¢ (%)
49 LD 19.19 4/G 18.35, 18.54, 17.72, 17.77 18.10 0.357 3.1
50 LL 17.31 3/C 18.38, 18.05, 17.75 18.06 0.257 3.5
51 VD 19.64 4/C 20.42, 20.33, 20.16, 19.72 20.16 0.269 2.1
52 LD 19.70 4/c 17.73, 17.86, 18.08, 17.39 17.76  0.250 2.2
53 DL 16.65 3/ 20.69, 20.67, 20.89 20.75 0.099 1.2
54 M 18.77 4/C 18.63, 17.59, 18.47, 17.42 18.03  0.529 4.7
55 DD 20.59 3/C 19.95, 19.90, 19.90 19.92 0.024 0.3
56 DM 18.84 4/C 20.06, 19.79, 20.23, 19.83 19.98 0.179 1.4
57 LD 20.05 4/C 18.38, 18.30, 18.00, 17.64 18.08 0.291 2.6
58 M 19.10 3/C 18.35, 17.83, 18.04 18.07 0.214 2.9
59 DD 20.01 4/C 19.82, 19.98, 19.86, 19.94 19.90 0.063 0.5
60 DM 19.42 4/C 19.79, 19.98, 19.87, 19.89 19.88 0.068 0.5
61 DL 16.73 2/G 20.38, 20.14 20.26 0.120 5.3
62 VL 18.22 4/C 20.09, 19.95, 20.23, 19.68 19.99 0.203 1.6
63 M 19.07 3/C 20.36, 20.20, 19.64 20.07 0.309 3.8
64 M 19.95 2/8 20.33, 20.19 20.26 0.070 3.1
65 VL 17.78 4/8 20.55, 20.53, 20.50, 20.55 20.53  0.020 0.2
66 DL 18.32 3/C 19.87, 19.83, 19.86 19.85 0.017 0.2
67 DL 16.53 4/C 19.99, 19.84, 20.05, 19.83 19.93  0.095 0.8
68 VM 18.47 3/C 20.03, 20.08, 19.68 19.93 0.178 2.2
69 VL 17.00 3/ 20.63, 21.07, 20.77 20.82 0.184 2.2
71 VL 16.49 3/8 21.26, 21.21, 20.63 21.03 0.286 3.4
72 vD 19.72 3/5 20.58, 20.58, 20.74 20.63 0.075 0.9
73 VL 16.18 3/C 19.95, 20.34, 19.17 19.82 0.486 6.1
74 VL 17.17 4/G 20.53, 20.34, 20.06, 19.64 20.14 0.335 2.6
75 VD 20.39 4/C 20.09, 20.19, 20.44, 19.32 20.01 0.418 3.3
76 LL 18.85 3/C 18.05, 18.22, 18.43 18.23 0.155 2.1
77 VD 19.76 2/C 20.17, 19.79 19.98 0.190 8.5
78 MD 19.65 2/C 19.22, 18.73 18.98 0.245 11.6
79 VM 19.25 3/C 19.80, 19.95, 20.13 19.96 0.135 1.7
80 MD 20.37 6/ 20.41, 20.33, 19.59, 19.67, 19.86 0.360 1.9
19.59, 19.59
81 D 19.64 2/C 20.20, 19.64 19.92 0.280 12.6
82 MD 19.64 3/C 19.59, 19.65, 19.38 19.54 0.116 1.5
83 ML 17.67 4/C 18.85, 18.98, 18.40, 18.41 18.66 0.259 2.2
84 MD 19.99 3/C 18.51, 18.26, 18.35 18.37 0.103 1.4
85 LL e 2/GC 17.28, 17.91 17.60 0.315 16.1
86 MM e 1/¢ 18.54 18.54 N/A N/A
87 vD e 1/6 19.87 19.87 N/A N/A
88 MD 19.64 5/ 19.59, 19.98, 18.88, 19.37, 19.54 0.391 2.5
19.86
89 DM 19.00 3/ 20.40, 20.88, 20.37 20.55 0.234 2.8
90 DD 20.05 5/8 20.44, 20.40, 20.48, 20.47, 20.42 0.065 0.4
20.30

o a0 o
'

kN

key for test code: lst letter = native soil density and 2nd letter = backfill soil

density; L = loose, M = medium, D = dense (tamped), V = dense (vibrated)

number of measurements made and device used, either density scoop (S) or cup )
standard deviation

95 percent confidence interval on native soil unit weight measurements

embedded; no backfill
/m3 = 6.37 pef
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Appendix C

STRENGTH CHARACTERISTICS OF TEST SOIL

The strength characteristics of the test soil were obtained from direct shear
tests conducted in a 60 x 60 mm (2.4 x 2.4 in) testing machine. These tests are
summarized in Table C-1. The samples tested were prepared at several densities,
and the tests were run at low normal stresses to replicate the stresses in the
model tests. The normal stresses applied were approximately 2.5, 4.5, 6.5,
12.6, and 24.5 kN/m2 (52, 94, 136, 263, and 512 psf). The stress ratio and

height change versus displacement curves are shown in Figures C-1 through C-8.

Table C-1

DIRECT SHEAR TEST RESULTS

Initial Maximum
Test  Unit Weight Initial Void Normal Stress Shear Stress Pmax
No. (kN/m3) Ratio, e (kN/m2) (kN/m2) (degrees)

1 16.70 0.609 5.67 3.93 34.7
2 17.50 0.534 5.90 4.09 34.7
3 17.79 0.510 2.53 1.69 33.7
4 18.28 0.470 2.53 1.95 37.6
5 18.31 0.467 5.80 4.53 38.0
6 18.39 0.461 6.91 5.27 37.3
7 18.90 0.417 2.51 2.08 39.6
8 18.78 0.430 4.39 3.70 40.1
9 18.80 0.429 6.32 5.10 38.9
10 19.64 0.369 2.59 2.73 46.5
11 19.83 0.356 4.59 4.87 46.7
12 19.70 0.364 6.60 5.92 41.9
13 20.52 0.310 2.67 3.74 54.5
14 20.47 0.313 12.66 12.64 45.0
15 19.59 0.372 12.62 10.72 40.3
16 18.93 0.419 12.61 10.14 38.8
17 18.24 0.473 12.57 9.16 36.1
18 18.35 0.465 24.50 17.02 34.8
19 18.84 0.427 24.58 18.78 37.4
20 19.59 0.372 24.58 21.44 41.1
21 20.42 0.316 24.60 23.23 43 .4
22 20.44 0.314 4.66 5.65 50.5
23 20.60 0.305 6.50 8.36 52.1

1 kN/m? = 20.9 psf; 1 kN/m3 = 6.37 pcf
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Appendix D

LOAD-DISPLACEMENT DATA

The load-displacement curves for the 90 model tests are presented in Figures D-1
through D-5. 1In tests 20, 32, and 38, the chain was disengaged from the
sprocket during the tests and was repositioned quickly. Consequently, some
residual displacement resulted, as shown in the load-displacement curves for
these tests. The values of maximum load obtained for these tests are slightly
lower than they would have been if the test had run smoothly. 1In tests 19, 21,
and 70, the central DCDT malfunctioned and, consequently, the load-displacement

curves are not included. The test results are summarized in Sections 4 and 5.
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Appendix E

UNIT CONVERSIONS

Parameter Measure Conversions
length foot (ft) 0.3048 meters (m)
inch (in) 25.4 millimeters (mm)
mass pound (1b) 0.4536 kilograms (kg)
force ton (t) 2000 pounds (1b)
2 kips (k)

8.896 kiloNewtons (kN)

stress atmosphere (atm) 1.058 tons/square foot (tsf)
2.116 kips/square foot (ksf)
1.033 kilograms/square centimeter (ksc)
101.3 kiloNewtons/square meter (kN/mz)
101.3 kiloPascals (kPa)
0.1013 MegaNewtons/square meter (MN/mz)
14.70 pounds/square inch (psi)
1.013 bars

unit weight  pound/cubic foot (pef) 0.157 kiloNewtons/cubic meter (kN/m3)
(actually pound-force)

density pound/cubic foot (pcf) 16.02 kilograms/cubic meter (kg/m3)
(actually pound-mass)

Note: 1 atm =~ 1 tsf = 2 ksf =~ 1 ksc = 100 kN/m2 ~ 100 kPa = 0.1 MN/m2
=~ 14.7 psi = 1 bar
unit weight of water (v,) = 62.4 pcf = 9.80 kN/m3
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