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EXECUTIVE SUMMARY

In Florida, bridges, Mechanically Stabilized Earth (MSE) walls, cast-in-place walls, sign
structures, and gantries are built on shallow foundations and may subject the foundations to
combined axial and lateral loads. Previous studies have found that the bearing capacity can be
reduced by up to 75% for some laterally loaded walls. Currently, there isn’t a consensus among
engineers about how to estimate the bearing capacity of footings subjected to combined axial and
lateral loads. The NCHRP Report 651, “LRFD Design and Construction of Shallow Foundations
for Highway Bridge Structures,” surveyed officials from 39 states and found that 17% of the
foundations used in their states were shallow foundations, but that 53% of the officials do not use
load inclination factors in their designs. Furthermore, for inclined-eccentric loads, there isn’t a
recommendation on how to differentiate between loads inclined in the direction or in the opposite
direction of the eccentricity. At the same time, AASHTO Bridge Design Specifications include
commentary suggesting that using load inclination factors may be overly conservative when
footings are embedded 1B or deeper. This is attributed to the development of inclination factors for
footings not embedded and resting on the ground surface.

In this study, a series of centrifuge tests of strip, rectangular, and square footings was
conducted to model prototype footings on very dense and medium dense sand subjected to
concentric and inclined-eccentric loads. The experimental program was designed based on the state
of practice in Florida for designing and constructing shallow foundations on sand. The following
materials and conditions were tested:

e A3 poorly graded sand with less than 3% fines
e Very dense and medium dense sand
e Embedment depths of zero, 0.5B, and B

e Prototype footing widths of 3 ft (L/B =20) and 5 ft (L/B =10and 1)
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e Concentric, eccentric, inclined and inclined-eccentric loads
e Lateral-to-axial load ratios of 0.10 and 0.25
e Load eccentricity of B/6.

A total of 185 centrifuge tests of combinations of the above materials and conditions were
tested, and load, displacement, and soil pressure were measured. Bearing pressure versus
displacement curves were developed until general shear failure occurred. Measured soil pressure
beneath the footings provided a confirmation of pressure distribution of a rigid footing on sand,
measured eccentricity of resultant load, and observed effect of inclined load enhance or diminish
the eccentricity.

The case of eccentric-inclined loading where the load was inclined in the direction of
eccentricity (Load Case-3) was the most critical for all cases and for all footing types. For the
rectangular footings (L/B = 10), bearing capacities were up to 82% less than the concentrically
loaded footing for the lateral-to-axial load ratio of 0.25 and in dense sand. Embedding the footing
0.5B in this case had a marked effect, increasing bearing capacity up to 90% in dense sand. For the
case of the inclined load at the center of the footing (Load Case-4), bearing capacity was up to 72%
less than the concentrically loaded footing for the lateral-to-axial load ratio of 0.25 and in medium
dense sand. Embedding the footing 0.5B in this case also had a marked effect, increasing the
bearing capacity up to 100% in medium dense sand. For the square footings (L/B = 1), bearing
capacities were up to 68% less than the concentrically loaded footing for the lateral-to-axial load
ratio of 0.25 and in medium dense sand. Embedding the footing 0.5B in this case had a marked
effect, increasing bearing capacity up to 87% in medium dense sand. For the case of the inclined
load at the center of the footing (Load Case-4), bearing capacity was up to 67% less than the
concentrically loaded footing for the lateral-to-axial load ratio of 0.25 and in medium dense sand.

Embedding the footing 0.5B in this case also had a marked effect, increasing the bearing capacity
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up to 95% in medium dense sand.

Methods to estimate the bearing capacity of the footings tested in this study include those
recommended by AASHTO Bridge Design Specifications and existing methods in the literature.
These mostly vary on the soil self-weight factor, N,, and the inclination factors iq and i,. Depth of
embedment factors from Meyerhof and multiple shape factors compared well with the results and
were used in the bearing capacity analysis. For the rectangular footing (L/B = 10) on very dense
sand, the Hansen N, with Hansen iq and i,, the Vesi¢ and Zhu N,with Loukidis fie (factor to account
for eccentric-inclined load), and Hansen N, with Loukidis fie resulted in good agreement with most
cases tested. For the rectangular footing (L/B = 10) on medium dense sand, the Vesi¢ N, with
Loukidis fie and Zhu N,with Loukidis fie resulted in good agreement with most cases tested. For the
square footing (L/B = 1) on very dense sand, the Hansen N, with Hansen iq and i,, Hansen N, with
Vesi¢ ig and iy, and Zhu N,with Loukidis fie resulted in good agreement with most cases tested. For
the square footing (L/B = 1) on medium dense sand, the Vesi¢ N, with Hansen iq and i,, Hansen N,

with Vesi¢ ig and i,, Zhu N,with Loukidis fie resulted in good agreement with most cases tested.
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1.0 INTRODUCTION

1.1 Background

The FDOT has number of structures that are designed and constructed on shallow
foundations subject to combined axial and lateral loads (bridges, MSE walls, cast-in-place walls,
etc.). Current AASHTO Specifications (10.6.3.1.2) make allowance for the consideration of load
inclination (combined axial and lateral load) when estimating nominal bearing resistance of spread
footings. For instance, the reductions in axial bearing capacity due to Meyerhof (1953), Vesi¢
(1973) and Hansen (1973) were considered. However, the commentary (C10.6.3.1.2a) in the code
suggests “.... resistance and load inclination factors may be overly conservative for footings with
an embedment of approximately D«/B = 1 or deeper because the load inclination factors were
derived for footings without embedment. In practice, therefore, for footings with modest
embedment, consideration may be given to omission of the load inclination factors.” It should be
noted that the resistance factors included in the AASHTO code were derived for vertical loads, and
their applicability to combined lateral-to-axial loads is currently unknown (C10.6.3.1.2a).

Unfortunately, for some laterally loaded walls, reduction of 75% in nominal bearing
resistance may be computed with AASHTO recommended load inclination factors. Moreover, the
code provides little if any insight into the influence of axial load on the sliding resistance of
shallow foundations. Work in Europe and Australia (Perau, 1995) suggest that the ratio of axial
load /axial bearing capacity varies in combination Horizontal Load/ Axial Bearing Load.

According to AASHTO C10.6.3.1.2a., the inclination factor equations listed in AASHTO
10.6.3.1.2 are based on small-scale experiments and limited theoretical work from 1950 to the
1970s. Paikowsky et al. (2010) in NCHRP 651 on LRFD Design and Construction of Shallow

Foundations for Highway Bridges identified the work by the Europeans and Australians and the



significance of combined lateral and axial loading on the design of shallow foundations. They
identified and proposed the concept of a combined failure state (similar to beam-column
interaction diagram).

FDOT research project BDK75-977-22 completed in December 2013 was conducted in the
centrifuge at the University of Florida considered a limited set of combined vertical and horizontal
loads. The results indicate the inclination of resultant load had an experimentally proven effect on
the bearing capacity of MSE walls for two different soil densities and one L/B ratio. This work
showed for medium dense sand, the bias (measured/predicted) varied from 3.6 (Vesi¢) to 5.6
(Meyerhof) using Vesi¢’s inclination factors. Whereas for dense sand the bias
(measured/predicted) varied from 2.54 to 3.53 using Vesi¢’s inclination factors suggesting Vesi¢ is
quite conservative. However, if Hansen’s inclination factors were used, the bias
(measured/predicted) varied from 1.3 to 1.9 for the medium dense, but only 0.6 to 0.9 for the dense
sand suggesting a factor of two or more uncertainty as well as a lack of understanding in the
combined influence of lateral and vertical load on a foundation’s ultimate limit state.

1.2 Objective and Supporting Tasks

Given the great difference between AASHTO estimated bearing capacity with and without
capacity factors (i.e., inclination, eccentricity, etc.), recommendations in AASHTO’s commentary
and the factors found in the limited reported data (e.g., BDK75-97-22 & NCHRP 651), there is
great need to experimentally evaluate the influence of embedment depth, width/length ratio, axial
to lateral load ratio, as well as soil density on the bearing capacity of a shallow foundations using
the largest scale model practical. A means to accomplish the required testing (>100 tests) as well as
reproduce the field conditions is with the centrifuge. Specifically, the centrifuge reproduces the
same field stresses in the laboratory experiment as in the full-scale field experiment and allows for

control of soil densities, multiple combination of axial and lateral loads, embedment depths for
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bearing capacity factors assessment at a reasonable cost. Therefore, the objectives of this research

are to:

Collect Data on current B/L (width/length), embedment (D/B), eccentricity, lateral-to-axial
load combination and sand densities beneath shallow foundations in Florida.

Select one average foundation width, B (e.g., B=15" <B <10’) two B/L ratios (e.g., 1 and 3),
two embedment depths, (e.g., D=2’ and 5’), two loading locations, 3.5 axial to lateral load
ratio, and two sand densities (e.g., medium dense and dense) for centrifuge testing (56 different
cases X 2 repetitions = 112 total tests).

Based on the results of the first 112 tests, three conditions will be repeated where D is near B.
Construct a loading frame for shallow foundation testing in the centrifuge which considers, two
embedment depths, two load locations on the foundation with 3.5 axial-to-lateral load ratios
(i.e., inclinations).

Conduct all the centrifuge tests with various soil densities, axial-to-lateral load ratios to obtain
both the measured nominal bearing capacities as well as the measured axial-to-lateral
inclination and eccentricity factors (i.e., measured axial-to-lateral bearing capacity and axial
only bearing capacity).

Compare the measured centrifuge results with current AASHTO bearing equations, as well as
European and Australian approaches, and identify which combination of factors (Vesic¢,

Meyerhof, Hansen, etc.) are representative and should be recommended for FDOT use.

1.2.1 Task 1 — Survey of FDOT Shallow Foundation Design and Construction Practices

FDOT Districts were contacted to identify structures (i.e., bridges, MSE walls, etc.) that

were designed and constructed on shallow foundations. Of interest are the range of foundation

widths (B), L/B, and embedment ranges along with the bearing capacity equations and associated
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embedment, inclination, eccentricity factors that were used in the design. Also, of interest are the
soil properties that were used for design (e.g., angle of internal friction) as well as the actual
constructed values. The SMO was also surveyed to identify the range of sand gradation, and
properties found in Florida beneath shallow foundations

1.2.2 Task 2 — Construct Centrifuge Container and Loading Frame for Variable Embedment,
Eccentricity, and Load Inclination Tests on Shallow Foundations

To evaluate the bearing capacity factors for shallow foundations in the centrifuge, an
experimental box with loading frame had to be designed and constructed. For this research, it was
proposed that the box/container from FDOT project BDK75-977-22 should be used. It employs
Plexiglas windows which allows observation of rupture surface. A steel frame with attachment for
load actuators for inclined loads (multiple axial-to-lateral combinations) needed to be constructed
for attachment to bottom of box/container. In addition, an independent frame for measuring
vertical deformations at multiple locations on the foundation is required. Actuators for applying
loads, and LVVDTs for measuring foundation translation and rotation were acquired and attached to
the deformation measuring frame. Applied loads were measured with load cells in-line with the
actuators, and pressure transducers.

This task also involved the acquisition of the granular soil for the planned centrifuge tests
as well as the construction of the different widths (B) and lengths, L, (i.e., L/B) foundations for
testing. Each foundation was constructed from aluminum plate with bending stiffness (i.e.
thickness), representative of shallow foundations.

1.2.3 Task 3 — Centrifuge Testing of Shallow Foundations

The experimental work utilized the large centrifuge at the University of Florida, as it made
feasible the testing of multiple different models to meet the objectives. Table 1.1 shows the

variables planned to be tested in the centrifuge.



Table 1.1 Parameters planned to be tested in the centrifuge model tests of bearing capacity

Soil B, Width | L, D, Depths | Axial-to- Loading Repetitions
Density Lengths Lateral Locations

Load

Ratios
2 1 2 2** 3.5%** 2 2*
Med Average |L/B=1 Near See Figure | See Figure | Repeat
Dense & | FDOT and Surface, |1.1 1.1: Center | each test
Very width L/B>3 Near B/2 (A) & Near
Dense Edge (B)

*|f 2 repetitions are not same third test will be performed
** Based on the results of the first 100-112 tests, 3 conditions will be repeated near D = B
*** Point A is loaded 3 times and B 4 times; average = 3.5

The selection of eccentricities and axial-to-lateral load ratio is as follows:

e Loading at Point B on the foundation is identical to loading at Point C for all axial load ratios;

consequently, only one eccentricity with multiple inclinations considered.

e For cases of loading at Point A, all axial-to-lateral load ratios to left would be symmetric to

loads to the right shown.

e All axial load ratios at Point A (1-3) will be used to find the measured eccentricity

contributions; axial-to-lateral load ratios (2 and 3) will give the measured axial-to-lateral load

influence factors.

e All axial load ratios at Point B will give the measured axial-to-lateral load influence for

inclinations in either direction from the vertical (2 and 4) and the axial-to-lateral load ratios (2

and 3), with eccentricity (1 — 4).

e A total of 115 centrifuge tests will be performed from Table 1.1 (2 x 2 x 2 x 3.5 x 2 x 2+3)




Ly

Figure 1.1 Proposed load scenarios

1.2.4 Task 4 — Comparison of AASHTO and Published Bearing Capacity Factors with
Centrifuge Results

As identified in the background, Task 4 was planned to answer the question of the use of
bearing capacity factors (e.g. AASHTO commentary “.....In practice, therefore, for footings with
modest embedment, consideration may be given to omission of the load inclination factors....”).
Using both the shallow and deep bearing capacity results (i.e. centrifuge tests), measured
individual bearing capacity values may be determined. For instance, the case of centric loading
(Vertical) will be divided by centric loading with an axial-to-lateral ratio for cases of both shallow
and deep footings (i.e. assessment of load inclination factor). Similar results will be obtained for
eccentric loading with and without axial-to-lateral loading.

Finally, AASHTO and published bearing capacity factors were compared with the
measured bearing capacity factors. Bearings capacity factors for depth, eccentricity and axial-to-
lateral load ratio — inclination based on Meyerhof, Vesi¢, Hansen and others were investigated.
Based on the comparison, Task 4 also recommends bearing capacity factors for use in Florida
conditions.

2.0 SURVEYS OF SHALLOW FOOTING DESIGN AND CONSTRUCTION PRACTICE

Surveys of engineers in Florida and across the United States were used to finalize the
parameters and footing sizes and embedment depths to be tested in the experimental program. A

discussion of a survey of FDOT engineers conducted for this research and a survey as part of the
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NCHRP-651 study follow.

2.1 Questionnaire of Practices and Experiences

An online questionnaire on shallow foundation design and construction practices was
distributed to all FDOT district offices. The purpose was to elicit information from state engineers
and identify foundation and soil parameters that should be modeled in the experimental program
(Task 3). Engineers were asked a series of questions about uses of shallow foundations,
foundation widths (B), length to width ratios (L/B), foundation embedment depths (Ds), use of load
inclination factors and typical factors, and eccentric loads and typical factors. Questions also
covered typical bearing soil types, unit weights, and angles of internal friction. A summary of the
survey questions and results follows.

The responses indicate shallow foundations are common among single story residential or
commercial structures, multiple story residential (condo) or commercial structures, retaining walls,
and bridges (Figure 2.1), while they have been used less for sign structures, toll gantry, sound
walls, and light poles. Figure 2.2 shows the responses to question two. Among the responses, the
largest foundation widths (B) were 12 ft (bridges) and the smallest 3 ft (single story residential or
commercial structures). Foundation widths of 8 ft and 3 ft were the most common. The most
common L/B was 1 followed by 2, then 6 and 10. A respondent answered “other” to this question,
but did not provide what L/B was used. The most common depth of embedment was 4 ft, followed
by 3 ft, 2 ft, and 5 ft (Figure 2.4). Of the foundations designed for eccentric loads, the only
eccentricity provided was B/6 (Figure 2.5). Four respondents indicated that inclined loads were
used in designs; however, only two of those answered with lateral-to-axial load ratio values of 0.1
and 0.25 (Figure 2.6). The most common soil types were A3 and A-2-4 (Figure 2.7). A
respondent identified limestone in as the bearing material of shallow foundations in two cases.

Note, the FDOT 455 specifications section 30 require soil beneath the foundation to be clean
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cohesionless soil and classified as A1, A2, or A3 material. Respondents indicated that the bearing
soil was most frequently compacted to 100% of maximum dry density per the AASHTO-T99
specifications and slightly less frequently to 95% of maximum dry density per the AASHTO-T180
specifications (Figure 2.8). Note, the FDOT 455 specifications section 31 require soil beneath the
foundation to be compacted to 95% of AASHTO-T180 for a minimum depth of 2 ft. The most
common soil angle of internal friction was 34° followed by 32° (Figure 9).

In response to question 14, respondents indicated that load test or plate load test data didn’t
exist or may exist. In response to question 15, two respondents provided the following:
e In Miami, we avoid use of shallow foundations when footing is to be constructed below

groundwater table due to difficulties in dewatering.

e Sinkholes.

Overall, there was 5 respondents that provided answers related to projects across 6 districts
and the Turnpike office (Figure 2.10).

1) For what type of structure have you used shallow foundations?

Responses
o = N w
7
2

© X [ S Q <
SO N
P & & T Y
Q,

Type of Structure

Figure 2.1 Survey responses of structures with shallow foundations



2) For the structures you have designed, what are the most common width of shallow foundations

for:
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Figure 2.2 Survey responses of foundation widths for structures identified

3) For the structures you have designed, what are the most common foundation length/width
(L/B) ratios?

Responses
[EEN

1 2 4 6 8 10 Other
L/B Ratio

Figure 2.3 Survey responses of L/B ratios for shallow foundations
4) Are the shallow foundations typically embedded?

a. Yes
b. No



5) If yes, what are the typical depths?

4

3
| I I .
0

2 3 4 5

Depth (ft)

Responses
N

Figure 2.4 Survey responses of shallow foundation depths of embedment

6) Were these shallow foundations designed for eccentric loads?
a. Yes
b. No

7) If yes, what are the typical eccentricities

Responses

B/8 B/6
Eccentricity

Figure 2.5 Survey responses of load eccentricities

8) Were these shallow foundations designed for inclined loads?
a. Yes
b. No

9) What were the typical lateral-to-axial load ratios?
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Responses

0.1 0.25 0.5 0.75
Lateral-to-axial ratio

Figure 2.6 Survey responses of lateral-to-axial load ratios

10) Do you typically include load inclination factors when designing shallow foundations with
combined lateral-to-axial loads?
a. Yes
b. No

11) What are the typical soil types beneath the footings?

6
5

4

3

2

| _
, H N

A-l-a A-1-b A-2-4  Limestone
Classmcatlon Group

Responses

Figure 2.7 Survey responses of soil types classified by AASHTO classification

12) What is the typical soil density requirement beneath footings?
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Responses
N

Percent Maximum Density

Figure 2.8 Survey results of percent maximum dry density

13) What is the typical expected soil friction angle of the compacted soil beneath the foundations?

3
2.5

2
15
O. l I I
28° 30° 32° 34° 36° 38°

Angle of Internal Friction

[

Responses

o ol

Figure 2.9 Survey results of soil angles of internal friction

14) Does your District Office have any load test or plate load test results used in conjunction with
design of spread footings?

15) Are there any specific local considerations when designing shallow foundations in your
district?

16) Which FDOT District Offices are responsible for the location of the projects you described in
these answers?
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Figure 2.10 District offices that participated in survey and occurrences of participation

2.2 Summary of State of Practice Questionnaire in NCHRP 651

Paikowksy et al. (2010) distributed a questionnaire to all state transportation agencies in the
United States as part of the NCHRP Report 651 “LRFD Design and Construction of Shallow
Foundations for Highway Bridge Structures”. Overall, officials from 39 states responded. The
respondents indicated that 17% of the foundations used in their state were shallow foundations.
Significant findings from those respondents and that are relevant to this study include:

e The geotechnical design is typically performed prior to the final loads being known and, as a
result, the load inclination and/or eccentricity cannot be considered. To resolve this, 1)
effective foundation sizes are used in design (i.e., B’= B — 2e), 2) greatest eccentricity is
assumed, and 3) unit bearing capacity, both nominal and factored (use of resistance factor) are
provided.

e 53% of the respondents do not use load inclination factors in their design.

e 70% of respondents evaluate resistance to sliding and most using the gross foundation area

(ie., BxL).
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e 13% of the respondents consider the passive resistance on embedded footings, while most
indicated concern with its availability long term.
e 63% limit eccentricity to B/6 — B/4.

In the FDOT’s Soils and Foundations Handbook (FDOTa, 2017) it is recommended that
analysis of shallow foundations should be done in accordance with the AASHTO LRFD Bridge
Design Specifications except where otherwise stated in the in the Structures Design Guidelines
(FDOTDb, 2017).

2.3 Conclusions

The survey responses and review of the NCHRP 651 report suggest provided valuable
information from which test parameters and cases could be selected for study. The following were
determined to be tested in the centrifuge experiments:

e An A3 poorly graded sand with less than 3% fines will be used.

e Embedment depths of zero, 0.5B, and B will be tested. Only a few selected cases will be tested
at embedment of B.

e Prototype footing widths of 3 ft (L/B = 20) and 5 ft (L/B = 10 and 1) will be tested at model
scale of N =34 G and 40 G.

o Lateral-to-axial load rations of 0.10 and 0.25 will be tested.

e Load eccentricity of B/6 will be used.
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3.0 CENTRIFUGE EXPERIMENTAL PROGRAM
3.1 Introduction

An experimental program was developed to assess the bearing capacity of shallow
footings with concentric, eccentric, inclined and eccentric-inclined loading conditions using
centrifuge modeling. A new container was designed and built to accommodate multiple size
footings and loading conditions. Based on the size of the container, a model scale was selected
for each footing size and test sensors were selected and obtained to monitor stresses beneath the
footing and its vertical movement. Finally, granular soil was selected for the shallow foundation
study based on the results of the questionnaire distributed to the FDOT districts in Chapter 2.
Laboratory tests were performed to assess sand densities (min and max) and angles of internal
friction. A discussion for each of the tasks involved in the experimental program follows.

3.2 Centrifuge Test Setup and Models
3.2.1 UF’s Large Centrifuge

The UF centrifuge used in this study was constructed in 1987 as part of a project to study
the load-deformation response of axially loaded piles and pile groups in sand (Gill, 1988).
Throughout the years several modifications have been undertaken to increase the payload
capacity of the centrifuge. Previously, electrical access to the centrifuge was only provided by
four 24-channel electrical slip-rings. Recently, a National Instruments cRIO data collection
system capable of reading strain, voltage, and acceleration was installed on the centrifuge arm.
The data is transferred over wireless nodes into a repository exclusive to the centrifuge lab.
Pneumatic and hydraulic access is provided by a three-port hydraulic rotary union manufactured
by the Deublin Company. The rotating-arm payload on the centrifuge is balanced by fixed
counterweights that are placed prior to spinning the centrifuge. Aluminum C channels support

both the payload and counterweights in the centrifuge (Figure 3.1).
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Figure 3.1 University of Florida’s large geotechnical centrifuge

On the payload side (Figure 3.1), the aluminum C channels support the swing-up
platform, through shear pins. The latter allows the model container to rotate as the centrifugal
force increases with increasing rotations per minute (rpm). The platform (constructed from A36
steel) and connecting shear pins were load tested with a hydraulic jack in the centrifuge. The test
concluded that both the swing up platform and shear pins were safe against yielding if the overall
payload was less than 12.5 tons (Molnit, 1995).

3.2.2 Theory of Similitude

Laboratory modeling of prototype structures has seen several advances over the decades.
Of interest, are those which reduce the cost of field-testing as well as reduce the time of testing.
Additionally, for geotechnical engineering, the modeling of in situ stresses is extremely
important due to soils’ stress dependent nature (stiffness and strength). One way to reproduce the
latter accurately in the laboratory is with a centrifuge.

A centrifuge generates a centrifugal force, or acceleration based on the angular velocity
which a body is traveling. Specifically, when a body rotates about a fixed axis each particle

travels in a circular path. The angular velocity, o, is defined as do/dt, where 6 is the angular
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position, and t is time. From this definition, it can be implied that every point on the body will
have the same angular velocity. The period T is the time for one revolution, and the frequency f
is the number of revolutions per second (rev/sec). The relation between period and frequency is f

= 1/T. In one revolution, the body rotates 2 radians or

2T

w=—_= 2nf Eq. 3.1
The linear speed of a particle (i.e., v = ds/dt) is related to the angular velocity, o, by the
relationship o = dé/dt = (ds/dt)(1/r) or

V= wr Eqg. 3.2

An important characteristic of centrifuge testing can be deduced from Eqgs. 3.1 and 3.2:
all particles have the same angular velocity, and their speed increases linearly with distance from
the axis of rotation (r). Moreover, the centrifugal force applied to a sample is a function of the
revolutions per minute (rpm) and the distance from the center of rotation. In a centrifuge, the
angle between the gravitational forces, pulling the sample towards the center of the earth, and
outward centrifugal force is 90°. As the revolutions per minute increase so does the centrifugal
force. When the centrifugal force is much larger than the gravitational force the normal gravity
can be neglected. At this point the model will in essence feel only the “gravitational” pull in the
direction of the centrifugal force. The earth’s gravitational pull (g) is then replaced by the

centrifugal pull (ac) with the following relationship;

_ 2

Centrifugal acceleration;  a, =7 (%) Eqg. 3.3
30 |ac

where rpm = ;\/; Eq. 3.4

Scaling factor; N = Z—] Eq. 35

aZ+g?

.

Eq. 3.6
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a

Ifac >>q, N = j Eq. 3.7
where a is the total acceleration, g is the normal gravitational acceleration, ac is the centrifugal
acceleration, rpm is the number of revolutions per minute, and r is the distance from center of
rotation.

The scaling relationship between the centrifuge model and the prototype can be expressed
as a function of the scaling factor, N (Eq. 3-7). It is desirable to test a model that is as large as
possible in the centrifuge, to minimize sources of error (boundary effects, etc.), as well as grain
size effects with the soil. With the latter in mind, and, requiring the characterization of shallow
footings be 3ft. wide for the strip footing and 5ft. wide for the rectangular and square, the
following rationale was employed to determine the appropriate centrifuge G-level and angular
speed, .

The maximum inside width of the sample container was 20 inches, which dictated the
footing model width and the permissible lateral extents of shear failure surface without
introducing boundary effects on each test. Modeling a 5 ft wide prototype footing with expected
lateral extents of the failure surface in a vertical centric loading case (Figure 3.2) at N = 40
results in a model footing 1.5 inches wide and 8 inches on both sides of the footing for a failure
surface.

Based on Equation 3.7, several important model (centrifuge) to prototype (field) scaling
relationships have been developed (Taylor, 1984). Shown in Table 3.1 are those, which apply to
this research. Two significant scaling relationships emerge: (1) Linear Dimension are scaled 1/N
(prototype width = N*model width), (2) Stresses are scaled 1:1. The first significantly decreases
the size of the experiment, which reduces both the cost and time required to run a test. The

second relationship ensures that the in situ field stresses and model stresses are 1:1.
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Note, the effective stress controls both the stiffness and strength of the soil.

Table 3.1 Centrifuge scaling relationships (Taylor, 1984)

Property Prototype Model
Acceleration (L/T?) 1 N
Dynamic Time (T) 1 1/N
Linear Dimensions (L) 1 1/N
Area (L) 1 1/N?
Volume (L3) 1 1/N3
Mass (M) 1 1/N3
Force (ML/T?) 1 1/N?
Unit Weight (M/L2T?) 1 N
Density (M/L3) 1 1
Stress (M/LT?) 1 1
Strain (L/L) 1 1
Moment (ML¥/T?) 1 1/N3

3.2.3 Model Containers and Load Frame

As previously mentioned, the large centrifuge at UF has a safe working capacity of 12.5
tons to ensure that the bearing pins on the rotating swing up arm will not yield. Therefore, the
maximum design payload for each test apparatus cannot exceed 625 Ib at 40 G. The width of the
swing up arm, which houses the test apparatus, and the position of the shear pin limit the test
apparatus to a maximum width of 21 inches and maximum length of 23 inches. The load frame
apparatus and containers presented in Figures 3.3-3.5 were bound by these limitations. The
theoretical failure surface was another limiting factor in the container design. Shown in Figure

3.2 is the theoretical bearing capacity failure in soil under ridged strip foundation.
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Figure 3.2 Theoretical failure surface

The failure surface is a function of the foundation width, B, embedment depth, Ds, and
angle of internal friction, ¢. The theoretical failure surface was calculated to allow for
appropriate clearance to ensure that the container walls do not cause any boundary effect on the
failure surface. In the case of the inclined loads, the load actuator is positioned out of center of
the load frame to allow for additional clearance from the container walls. The inclined load
scenarios can be seen in Figures 3.4 and 3.5.

In order to carry the anticipated applied footing loads required to achieve general bearing
failure (ultimate bearing capacity), the upper load frame was designed using 2- by 2-in high
strength steel tubing with 0.25-inch wall thickness, and the lower load frame columns and
bracing were constructed out of 2- by 1-in high strength steel tubing with 0.1875-inch wall
thickness. The load frame was designed to withstand two times the design load. The frame can
also be configured for inclined and eccentric load cases. The load test frame designs for L/B =
20, 10, and 1 are shown in Figures 3.3-3.5, respectively, and dimensions for each, including the

dimensions and loads driving the design of each, are listed in Table 3.2.
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Isometric View

Transverse View

Plan View

Longitudinal View

Figure 3.3 Strip footing (L/B = 20) test apparatus

Table 3.2 Container and model dimensions and loads

. Strip Rectangular Square

gogéﬁirézrﬁznni Model Footing: Footing: Footing:

P (LIB=20) | (L/B=10) | (L/IB=1)
Interior Container Width (in) 20 20 20
Interior Container Length (in) 20 15 20
Interior Container Height (in) 9.5 9.5 9.5
Soil Height (in) 8 8 8
Failure Surface length (in) 9.45 19.5 17.7
Total Load on Foundation (Ib) 2290 3767 469
Total design weight of test apparatus (Ib) 525 467 514
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Isometric View (Concentric) Plan View

L

Transverse View (Concentric) Longitudinal View

20.00 -

Isometric View (Inclined) Transverse View (Inclined)

Figure 3.4 Rectangular footing (L/B = 10) test apparatus
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Isometric View (Concentric) Plan View

N

20.00 7

Transverse View (Concentric) Longitudinal View

20.00 - -

Isometric View (Inclined) Transverse View (Inclined)

Figure 3.5 Square footing (L/B = 1) test apparatus
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3.2.4 Model Footings

To minimize the flexure in the model foundations mock concrete foundations were
designed in prototype size using soil pressures equal to 1/3 of the bearing capacity value. The
shear and moment diagrams for the rectangular foundation (L/B = 10) with an ultimate bearing
capacity of 24 ksf, and a design bearing pressure of 8 ksf are presented in Figure 3.6-3.7 for this

load case.

Shear Diagram
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Figure 3.6 Shear diagram for rectangular foundation (8-ksf bearing pressure)

Moment Diagram
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Figure 3.7 Moment diagram for rectangular foundation (8-ksf bearing pressure)

The effective moment of inertia, I, was determined for each concrete foundation scenario.
The mock concrete foundation was then transformed to and aluminum foundation in prototype

size with an equivalent stiffness, k, as related to flexure using Eg. 3.8.
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ECIC = EAIA Eq 38

where Ec, is the Young’s modulus of concrete, I, is the effective moment of inertia for the
concrete, Ea, is the Young’s modulus of Aluminum, and la, iS the moment of inertia for
aluminum.

The moment of inertia for aluminum is then used to determine the height, ha of the
prototype size aluminum foundation using the gross moment of inertia equation presented in

Eq.3.9

I =22 Eq. 3.9

Once the height of the prototype aluminum foundation is determined the height were

scaled down to the appropriate model size foundation using the corresponding G-level. The

model footings for each scenario are presented in Table 3.3 and shown in Figure 3.8.

L/B=10 L/B=1

L/B=20

PR

Model aluminum footings:
L/B=1 (1.5”x1.5”x0.75”)
L/B=10 (1.5” x 15.0”x0.75”)
L/B=20 (1.0” x 20.0”x0.50”)

Figure 3.8 Model aluminum footings
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Table 3.3 Parameters for strip, rectangular, and square model footings

Model Strip Rectangular Square
Parameters Footing: Footing: Footing:
(L/B = 20) (L/B =10) (L/B=1)
Model Width (in) 1 15 15
Model Length (in.) 20 15 1.5
Model Thickness (in.) 0.5 0.75 0.75
# of Pressure Transducers 0 4 4

3.2.5 Instrumentation
3.25.1 Load Cell

The force applied to the model footing by each actuator is measured using a compression
load cell manufactured by Omega show in Figure 3.9. The specifications for the Omega LC202

are listed in Table 3.4.

Figure 3.9 Omega LC 202 load cell (Omega Engineering, Inc.)
Table 3.4 Specifications for the Omega LC202

Excitation 10 VDC, 15 VDC max.
Output 2 mV/V nominal
Accuracy + 0.25% FSO Linearity, Hysteresis,

Repeatability Combined
5-Point Calibration 0%, 50%, 100%, 50%, 0%
Zero Balance +2% FSO
Operating Temperature Range -54 10 121°C (-65 to 250°F)
Compensated Temperature Range 16 to 71°C (60 to 160°F)
Thermal Effects Zero: 0.009% FSO/°C

Span: 0.009% FSO/°C
Safe Overload 150% of Capacity
Ultimate Overload 300% of Capacity
Input Resistance 360 Q Min.

Table 3.4 (continued)
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Output Resistance 350+£10Q

Construction Stainless Steel

Electrical 1.5 m (5”) 4-Conductor Cable

Protection Class IP65
MECHANICAL SPECIFICATIONS

Capacity 3000 Ib.

Total length — Dimension A 1.751n.

Stub Length — Dimension B 0.50 in.

Thread Style — Dimension C 3/8-24 UNF-2A

Diameter- Dimension D 1.00 in.

3.2.5.2 Linear Position Transducers
The footing movement in the vertical direction is monitored during loading using linear
position transducers manufactured by BEI shown in Figure 3.10. The specifications for the BEI

model 602 transducers are listed in Table 3.5.

Figure 3.10 BEI Linear Position Transducer Model 602

Table 3.5 Specifications for the BEI linear position transducer model 602

Resistance Range 2 KQ
Resistance Tolerance +20%
Independent Linearity +0.35%
Power Rating @ 7001C 0.25 Watts
Output Smoothness 0.10%
Resolution Infinite
Insulation Resistance @ 500 VDC 1,000 MQ
Dielectric Strength (VRMYS) 500 VRMS
Temperature Range -55°10 +125° C
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Table 3.5 (continued)

Mechanical Travel 21in.

0.1 in. Min.
Actuation Force 2 Oz. Max.
Repeatability Within 0.0005 in.
Life 10X10° cycles

3.2.5.3 Miniature Pressure Transducers

The rectangular and square model footings were instrumented with miniature pressure
transducers to measure the soil pressure distribution beneath the bottom footing. The pressure
transducers have a capacity of 3 MPa (63 ksf) with a diameter of 7.6 mm (Figure 3.11), the
specifications for the miniature pressure transducers are presented in Table 3.6.

PDB-PB

Senaing area

NP Ouvcat
Ccable

B e Bl el

Figure 3.11 Miniature pressure transducers (Tokyo Measuring Instruments Lab)

Table 3.6 Miniature pressure transducers

Manufacture Tokyo Measuring Instruments Lab.)
Type PDB-3MPB

Capacity 3 MPa

Rated Output 1 mV/V (2000x10° strain)
Non-linearity 1% RO

Hysteresis 1% RO
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Table 3.6 (continued)

Temperature effect on zero 1% RO/°C
Temperature effect on span 1% /°C

Compensated temperature range -10 ~ +60°C (no icing)
Allowable temperature range -20 ~ +70°C (no icing)
Input/output resistance 350 Q

Recommended exciting voltage 2V or less

Allowable exciting voltage 5V

Weight 0.79

3.2.6 Soil Stress Sensor Calibration

Each sensor’s sensitivity (mV/psi) was initially determined by the manufacturer through
calibration in a pressure chamber (i.e., uniform fluid pressure). Since, the sensors were to be used
in 63% - 95% relative density uniform dry soil, it was decided to calibrate under the same
conditions. Labuz and Theroux (2005) designed a calibration apparatus for diaphragm type earth
pressure cells that included soil overburden and applied uniform pressures up to 100 psi. The
calibration of the sensors in this study utilized the centrifuge and the ability to increase the soil
unit weight (increased G-levels) which creates the increased overburden pressures (i.e., v = Nsg
psZ). A series of four test were performed by placing the square model footing on the ground
surface and incrementally spinning the centrifuge up to the operating rpm (G-Level). Figure 3.12
shows sensitivity measurements from calibration Test-4. The results for all four-calibration test
and the factory calibrated slopes can be seen in Table 3.7. This proved to be an extremely

effective and efficient method for laboratory calibration of a pressure sensors.
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Figure 3.12 Soil stress sensor sensitivities from calibration #4 (slope = sensitivity)

Table 3.7 Soil stress sensor sensitivities from calibrations and factory settings

_ Rated Capacity | Excitation Calibration | Calibration | Calibration | Calibration
Title | Output (Mpa) V) Test #1 Test #2 Test #3 Test #4
(mV/V) (Mpa/mV) | (Mpa/mV) | (Mpa/mV) | (Mpa/mV)
PS-1 | 1.004 3 5 0.278 0.264 0.317 0.325
PS-2 | 0.999 3 5 0.303 0.210 0.215 0.223
PS-3 | 1.034 3 5 0.499 0.267 0.235 0.235
PS-4 | 0.975 3 5 0.578 0.351 0.380 0.351

3.2.7 Hydraulic Loading Device

Shown in Figure 3.13 is the model container with the hydraulic load actuators attached to

the load frame and the cross bars for the linear potentiometers (vertical displacement).
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Figure 3.13 Setup of strip footing model ith Di=0

Each load actuator shown in Figure 3.13 has a maximum operation pressure of 3000 psi
and a stroke length of 5 inches (specifications in Table 3.8). The load actuators were set in
motion using an Enerpac P464 hydraulic hand pump that delivers 0.29 cubic inches of oil per

stroke and has a maximum operating pressure of 10,000 psi. The hand pump specifications are in

Table 3.9.
Table 3.8 Hydraulic load actuator and performance specifications
. Applied pressure
Heavy Duty (Max 3000 psi) (2000 psi)
B (in) Bore (in) Rod Dia. (in) Area (in?) Force (Ib)
2.5 1.50 0.63 1.77 3,534
Table 3.9 Enerpac hydraulic hand pump
Enerpac Model P464
Maximum Operating Pressure (psi) 10,000
Cylinder Compatibility Double-acting
Reservoir Capacity (in®) 453
Maximum Flow at Rated Pressure (in*/stroke) 0.29
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Table 3.9 (continued)

Qil Displacement per stroke (in®) 0.29

Piston stroke (in) 1.5

3.3 Loading Conditions

The strip footing solely utilized Load Case-1. For the case of the rectangular and square
footing there were a total of five load cases scenarios considered for testing which are shown in

Figure 3.14.
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Figure 3.14 Load case scenarios

The load cases measured are characterized by positions one through five, Load Case-1,
concentric, Load Case-2, eccentric, Load Case-3, eccentric-inclined, horizontal component
positive (+), to the direction of the eccentricity, Load Case-4, inclined and Load Case-5,
eccentric-inclined, horizontal component negative (-), to the direction of the eccentricity as
presented by Meyerhof (1953).

3.4 Test Setup
3.4.1 Strip Footing Setup

For the strip footing (L/B = 20) tests, the model footing size was 20 inches in length x 1
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inch in width and tested at a centrifuge model scale of N = 39, which equates to a prototype
footing length of 65 feet by 3.25 feet in width (L/B = 20). Tests of the footing for three different
depths of embedment (Ds = 0, 0.5B, and B) and two sand density conditions (medium dense and

very dense) were conducted. The model footing is presented in Figure 3.15.

| i .-"
| o 2
=

Fi'gure 3.15 Model strip footing (L/B = 20)

»

3.4.2 Rectangular Setup

For the rectangular footing (L/B = 10) tests, the model footing size was 15 inches in
length x 1.5 inches in width and tested at a centrifuge model scale of N = 40, which equates to a
prototype footing length of 50 feet by 5 feet in width. The model footing is presented in Figure
3.16. The model footing had A3 sand glued to the bottom and was instrumented with miniature
pressure transducers to measure the pressure distribution beneath the bottom footing sequential

order (PS-1 through PS-4) at a spacing of 0.36 inches.
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Figure 3.16 Model footing (L/B = 10) with miniature pressure transducers

Figure 3.17 illustrates loading conditions for Load Case-3 with L/A = 0.25 and

embedment depth equal to 0.5B prior to testing.

Figure 3.17 Pre-test images of Load Case-3

3.4.3 Square Footing Setup

For the square footing (L/B = 1) tests, the model footing size was 1.5 inches in length x
1.5 inches in width and tested at a centrifuge model scale of N = 40, which equates to a prototype
footing length of 5 feet by 5 feet in width. The model footing is presented in Figure 3.18. Similar
to the rectangular footing, the square model footing had A3 sand glued to the bottom and was
instrumented with miniature pressure transducers to measure the pressure distribution beneath

the bottom footing in sequential order (PS-1 through PS-4) at a spacing of 0.36 inches.
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Figure 3.18 Model footing (L/B = 1) with machined locations for miniature pressure transducers

Figure 3.19 illustrates loading conditions for Load Case-4 with L/A = 0.10 and embedment

depth equal to zero prior to testing.
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Figure 3.19 Pre-test images of Load Case-4

3.5 Soil

The sand grain size is of a concern in centrifuge modeling. A study of the grain size
effect on bearing capacity models has shown that if the model size to mean grain size is 30 or
greater, there is no effect (Fuglsang and Ovesen, 1988; Yamaguchi et al., 1976; Kimura et al.,
1985; and Ovesen, 1985). The ratio of model width to mean grain size for these tests is 25.4

mm/0.2 mm = 127. Replicates of each case were performed to confirm experimental

repeatability.
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The footing models are being load tested on an A3 soil which is characterized as a poorly
graded sand with less than 3% fines (Figure 3.20). Table 3.10 lists the index properties and
classifications of the soil. Shown in Figure 3.21 is the relationship between internal friction
angle and relative density, Dy, at peak shearing stress measured using the direct shear (DX) test
and the triaxial consolidated drained (TX) test. The results of the DX test indicate for Dr
between 47 to 87% (medium to very dense) peak ¢ from 29.7° to 34.8°. The results of the TX test
indicate for Dr between 52 to 100% (medium dense to very dense) peak ¢ from 33.3 ° to 41.7°.
The friction angle from the TX tests are generally about 3.5° greater than those from the DX
tests. Lambe and Whitman (1969) note that the friction angle from the DX test is generally
greater than that from the TX test, with the most significant difference in dense sands. Boyle
(1995) reported DS and TX test results on very dense Ottawa sand (C, = 1.7 and sub-rounded to
rounded) and very dense Rainer sand (Cy = 2.9 and angular). The TX test’s friction angles were
3° to 4° greater than the DS test’s friction angle for the Ottawa sand, while the TX and DS test’s
friction angles for the angular Rainer sand were opposite and showed smaller differences. This
suggests the influence of particle shape during the different shearing (shear plane permitted to
form while shear plane forced) in the two tests and as the A3 sand used for this research is sub-
rounded to sub-angular may explain the difference between the TX and DS test results. The L/B
=20 and 10 models are plain strain experiments and therefore neither the DS nor TX test the
sand behavior appropriately; however, experiments have established the general differences in
friction angle between all the tests as summarized by Ladd et al. (1977) and Boyle (1995) for
Ottawa and Rainer sands. Furthermore, the bearing capacity factors have been derived for plane
strain behavior and at a fully developed failure surface, which occurs post peak in stress, at larger

strains corresponding to the residual or ultimate stress. For this reason, relationships between the
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friction angle and relative density based on residual strength (Figure 3.23) were considered in the

analysis of the centrifuge test results.
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Figure 3.20 Particle size distribution curve for A3 soil

Table 3.10 Properties of A3 soil

Property Value
Sand fraction (%) 97.5
Silt fraction (%) 2
Clay fraction (%) 0.5
Coefficient of Uniformity, C, 1.67
Coefficient of Curvature, C¢ 1.35
AASHTO classification A3
USCS classification SP
Specific gravity, Gs 2.67
€min 0.53
€max 0.84
Maximum unit weight, ymax, (Ib/ft%) 108.9
Minimum unit weight, ymin, (Ib/ft3) 90.7
Shape Sub-rounded to Sub-angular
Liquid limit, LL (%) NP
Plastic Limit, PL (%) NP
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Figure 3.21 Peak friction angle versus relative density for A3 soil
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Figure 3.22 Residual friction angle versus relative density for A3 soil
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3.6 Model Preparation

To prepare homogenous soil layers, sand grains were air-pluviated to target relative
densities and void ratios which could be achieved. The pluviator consisting of a hopper, a
shutter, and a moveable diffuser screen (Figure 3.23) and was used to deposit the sand into
homogenous layers (Figure 3.27). The diffuser screen was made of #6 sieve screen (3.36 mm
opening). Layer densities were controlled by maintaining a nearly constant drop height and flow
rate. To achieve the desired density the drop height was determined to be 26 inches. The canopy
was covered with a second diffuser screen made of #8 sieve screen (2.38 mm opening) in an
effort to distribute the soil more evenly during the pluviation process.

The drop height was controlled for each successive layer using the drop height adjusters
shown in Figure 3.23. Table 3.11 lists the pluviator settings to achieve medium dense and very

dense relative densities of 63% and 97%, respectively, of the A3 sand.
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Sand Box
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Figure 3.23 Elevation view of pluviator (dimensions in inches)

Figure 3.24 A3 soil falling through diffuser sceen
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The desired relative densities can be achieved by changing the flow rate of the sand,

which is a function of the shutter hole area and hole spacing as shown in Figures 3.25 and 3.26.

Table 3.11 Achievable relative densities through dry pluviation of the A3 soil

Parameter Medium Dense Very Dense-Initial | Very Dense-Final
Relative Density — (Dr) 63% 90% 95%
Range of Relative 35-65% 85-90% 90-97%
Density condition

Drop height of A3 soll 26 in. 26 in. 26 in.
Shutter hole area 0.065 in? 0.024 in? 0.024 in?
Flow Rate of A3 soil 0.12 ft3/min 0.015 ft3/min 0.008 ft3/min
Hole Spacing 1.57 inches 1.57 inches 3.15 inches

Initial soil models with relative densities greater than 85% were prepared with a shutter

hole spacing of 1.57 inches, which could only achieve a maximum relative density of 90%. The

hole spacing was subsequently increased to 3.15 inches which achieved relative densities

between 90 to 95%.

26.25"

(=2 = = R =]

= - T -1

g o 0 ¢

g o o «

L T < T < R T < R R T R 1

L= = = T = = R = T = R = R = N = N = B = B =]

- o5 O A 0D 0 OO0 0 0 OO0 0
}-' a'"*™'%h o0 oo oo oo oo oo o0 o0
o QO IO T T Y+ S T O+ S TR+ T + T o'

0 o0 0 0 0 o

23.

o o o I.JJ"[: o La o o (&) o
oo o0'o &8 00 00000000

o o o o o O

o 2 o 4O o 9 4O O O O O
« B = I = T = I = N = R = R = B = R = R = A = T~ R = T =
0 0 0 000 0o00omonao0an0

a0 0 0 o060 0000600006060 .o0
0 0 0 0 0 0 0000000
L

[ = T = N = = T = T = A T = I =

o o o O O 0O
[= T~ T =~ N ~ S = SO = T = TR = T = O =~ SR ~ S ~ S ~ S = T = O =
0 0 0 0 000000000

0 0 0 0 0 0 00 0 000 p 0 0 o0

Shutter Closing—"
Mechanism

Medium DBHE!HZ i .
Brea:0.065 in’ W .
Flow:0.12 f'/min /" ™
fo.24m =~ 4
/1 (@ 039"
A ‘\\_ /_.x'
P e
® (W
M @
—L1 .5?"La
Very Dense; — - .
Area: 0,024 in? /<’ \
Flow:0.016 f/min \.\\
_,'tl 2" -
030"
\ T j
. A
_ A ) - g
[ S )] ] 7
=T
€] B B
—{1.57" >
-

Figure 3.25 Shutter closing mechanism 1.57-inch spacing
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Figure 3.26 Shutter closing mechanism 3.15-inch spacing

Building the soil models using the A3 soil consists of pluviating one-inch lifts for the first
five consecutive lifts, then ¥ inch lifts for the remaining 7 lifts (total of 12 lifts). The upper lifts
were reduced to ¥ inch lifts to improve the mesh size in order to capture the expected failure
surface. A thin line of blue colored soil with similar properties to the A3 soil was installed at the
top of each lift to aid in identifying the failure surface in each test. The density of each layer was
documented as the model was being prepared. To measure the mass of each soil layer, the model
was prepared on a scale (shown in Figure 3.27). The thickness of each layer was calculated based
on consecutive dial gauge measurements from a reference point to the top of each pluviated soil

layer, as shown in Figure 3.27.
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Figure 3.27 Dial gauge measurement
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4.0 STRIP FOOTING (L/B =20) TESTS

4.1 Model Load Tests — Concentric Loading on Strip Footing

The purpose of this series of tests was to validate and select bearing capacity factors for
self-weight, N, ,overburden, Nq and depth correction factors, dy, and dq to be used in subsequent
analysis. Load Case-1 was tested at three embedment depths (D = 0, 0.5B, and B) for two
relative density conditions (medium dense and very dense (Ds = B only). Replicates of each case
were performed to check for experimental repeatability. Table 4.1 lists the identifiers for each

test with their dates, sand conditions, and footing depth of embedment.

Table 4.1 List of load tests for L/B = 20

Relative Density | Embedment .
Name Date (D) Depth (Dy) Series #
LT-01* | 07/05/2018 Very Dense 0 1
LT-02* | 07/07/2018 Very Dense 0 2
LT-03 | 07/12/2018 | Medium Dense 0 1
LT-04 | 07/13/2018 | Medium Dense 0 2
LT-05 | 07/14/2018 | Medium Dense 0.5B 1
LT-06 | 07/16/2018 | Medium Dense 0.5B 2
LT-07* | 07/17/2018 Very Dense 0.5B 1
LT-08* | 07/18/2018 Very Dense 0.5B 2
LT-09 | 08/20/2018 | Medium Dense 0.5B 3
LT-10* | 08/28/2018 Very Dense 0.5B 3
LT-11* | 09/06/2018 Very Dense 0.5B 4
LT-12* | 10/01/2018 Very Dense 0.5B 5
LT-13** | 10/10/2018 Very Dense 0.5B 6
LT-14** | 10/29/2018 Very Dense 0.5B 7
LT-15" | 11/05/2018 Very Dense 0 3
LT-16** | 11/12/2018 Very Dense B 1
LT-17** | 11/13/2018 Very Dense 0 4
LT-18** | 11/14/2018 Very Dense 0 5
LT-197 | 11/16/2018 | Very Dense 0.5B 8
LT-20** | 11/20/2018 Very Dense 0.5B 9
LT-21** | 11/26/2018 Very Dense B 2
* Dy = 85-90%, ** Dy = 91-96%
** Load test excluded from analysis due to instrumentation
malfunction
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The centrifuge loading was performed in accordance with ASTM D1194-94. The load
was applied to the soil in cumulative equal increments of approximately 450 psf each which is
less than one tenth of the estimated bearing capacity.

4.1.1 Concentric Loading Condition with Depth of Embedment Equal to Zero

In this series of tests, the footing was loaded concentrically with depth of embedment
equal to zero for two medium dense samples and four very dense samples. The A3 soil used in
the test had an average dry unit weight, 7y, in the range of 101.36 Ib/ft3 to 107.90 Ib/ft3 and
average relative density, Dy in the range of 62.94% to 95.37% for the soil layers where the failure
surface was observed. The average peak friction angle from the direct shear test was estimated to
be in the range of 32.38° to 38.33°. The model footing was tested at N = 39 G with the L/B ratio
of 20, which results in a prototype width and length of 3.25 feet by 65 feet. Table 4.2 presents
the post-test plan view and failure surface views of the soil stratigraphy, which indicate general

shear failure did occur. The failure surface ruptured the ground surface in all cases.

Table 4.2 Post-test failure surface for concentric loading condition at embedment depth equal to
zero
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Summary of the post-test images of rupture surfaces:

e Verydense sand (LT-01, LT-02, LT-17 and LT-18): The observed rupture surface for LT-01

shows a maximum depth and length of 2.50 inches and 7.99 inches. The failure surface
ruptured the top layer of soil on the left side of the footing and over approximately 50% the
length as the test underwent concentric loading at the center of the footing.

e Medium dense sand (LT-03 and LT-04): The observed rupture surface for LT-04 shows a

maximum depth and length of 2.48 inches and 6.25 inches. The failure surface ruptured the
top layer of soil on the left side of the footing the full length as the test underwent concentric
loading at the center of the footing.

There have been several observations about when the failure surface will reach the
ground surface relative to the ultimate bearing capacity. Vesic¢ (1973) claimed, in the case of
general shear failure, “the peak, ultimate load is reached simultaneously with the appearance of
slip lines at the ground surface”, while Meyerhof (1948) differentiated between ultimate and
final bearing capacity, ultimate being the load value corresponding to peak of load settlement
curve and second, final being the value at which the shear failure slip lines fully form. Meyerhof
(1948) further observed the final bearing capacity “by which time a failure surface usually

becomes noticeable at the ground level” occurred at approximately twice the settlement at which
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the peak load develops. These observations have been witnessed by other researchers. Ko and
Davidson (1973) showed “at the footing penetration corresponding to ultimate bearing capacity,
no distinct failure surface was visible. At a penetration of approximately 60% to 100% greater
than that at which the ultimate bearing capacity occurred; a definite failure surface became
observable”. This behavior is consistent with load tests when the footing was pushed the
maximum extent that could be measured by the linear potentiometer and not stopped when
ultimate bearing capacity was observed in the load displacement plots during the tests.

Shown in Figure 4.1 are the prototypical bearing pressures and loads for LT-1 through
LT-4, and LT-17 through LT-18 combined. The net ultimate bearing pressure qu, achieved during
each test is shown in Table 4.3 with corresponding relative density, Dy, dry unit weight, sry,
internal friction angle, ¢, prototype load, normalized displacement A/B, and prototype
displacement, A .

Table 4.3 Net ultimate bearing pressure qu for concentric loading condition with depth of
embedment equal to zero (Dr = 0)

Name | Dr (%) Yary ) Measured- | Measured- | A/B A (inch)
(Ib/ft3) (degree) qu (psf) Load (kip)
LT-01 86.82 106.09 36.77 12,384 2662 0.1859 7.44
LT-02 86.71 106.07 36.75 12,000 2558 0.1693 6.60
LT-03 63.97 101.56 32.60 6,227 1338 0.1492 5.81
LT-04 62.81 101.34 32.38 6,097 1309 0.1478 5.76
LT-17 95.37 107.90 38.33 13,000 2329 0.1911 7.45
LT-18 94.88 107.79 38.24 12,844 2300 0.1744 6.80

For load tests 1-4 there was an increase in bearing capacity proportional to an increase in
relative density, as expected. However, for LT-17 and LT-18, which display higher density soil
than LT-1 and LT-2, the bearing capacities were less. Load test 17 and 18 displayed a failure
surface acting solely on the left side of the footing, indicating that eccentricity may have

developed during loading.
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For these tests, the eccentricity was back-calculated by adjusting the effective area for each
load test until the bearing pressure aligned with other load test with similar soil and loading
parameters. The effective area is calculated using the effective width of the footing, B “shown in
Eq. 4.1.

B’=B-2e, Eq. 4.1

where B = footing width and ey = eccentricity along the footing width.

In the case of LT-17 and LT-18, the eccentricity was calculated to be B/12, or 0.08 ft. The
bearing pressures presented in Figure 4.1 are after applying the eccentricity to LT-17 and LT-18.
Initially, higher values of eccentricity were explored for LT-17 and LT-18, with negative effects
to the measured N, and Nq values.

The minimum slopes for each test shown in Figure 4.1 clearly illustrate soil failure during
the load tests. However, all load tests showed a slight discrepancy between the experimental
ultimate bearing capacity (qu) achieved during the test and the theoretical ultimate bearing
capacity determined by the design bearing capacity formulas.

While effort was made to minimize the boundary effects from the container walls by using
smooth acrylic and aluminum sheets, it was thought that the discrepancy in bearing pressure was,
in part, due to friction developed at the container boundaries. The boundary effects can be seen
in Figure 4.2. The length of the failure surface at the Plexiglas is 6.07 inches, and the maximum
length of the failure surface was measured to be 7.99 inches, about 5 inches inward from the
acrylic. An estimate of the shear over the area of the failure wedge in Figure 4.2 was required.
The acrylic boundary was instrumented with Tokyo Measuring Instruments PDB-3MPB
miniature pressure transducers (Figure 3.12) to measure the pressure distribution along the

failure wedge, as shown in Figure 4.4. The maximum pressure measured was 1,067 psf, which
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was located at the center directly under the footing.

To obtain the shear stress, t, at the container boundaries, the failure wedges for each test
were scaled and traced using AutoCAD. The failure surface was divided into slices of equal
width, after which the individual slice areas and midpoint heights were determined, as shown in

Figure 4.5.

TRACE OF FAILURE WEDGE

Figure 4.3 Pre and post-test failure surface for boundary condition experiment
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Figure 4.4 Horizontal pressure on acrylic wall during loading

2.88

Figure 4.5 Example of failure wedge divided into slices (LT-01)

Using the areas and heights determined from the traced image, the horizontal shear stress,
T, was determined for each slice using the following equations (Eq. 4.2 and 4.3) and the lateral
earth coefficient determined through the boundary condition experiment.

T = gptan(d) Eq. 4.2
on = K,yh Eq. 4.3

where & = interface friction angle, on = horizontal earth pressure on container boundaries, Ko =
(=0.80-1.0)

The horizontal shear force acting on each slice was weighted by the area of the slice and
averaged to determine the total shear force, t, acting on the failure wedge. The horizontal shear

stress was recalculated using 6 = 1/2 ¢, 6 = 2/3 ¢ and 6 = 1/6 ¢ to account for the reduced friction
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between the container and the sand. This was based on previous direct shear tests which
indicated that the friction angle between the sand and Plexiglas used in the container was
approximately 1/6 ¢ while shear tests between sand and aluminum showed a friction angle of
approximately 1/2 ¢ to 2/3 ¢.

Theoretically this failure wedge would occur equally at each of the four corners of the
footing, with two wedges in contact with the Plexiglas and two wedges in contact with the rear
aluminum plate. Therefore, the total shear stress, t, of the sides of the container is represented by
Eq. 4.4. However, the observed failure surface for each load was examined to determine the
appropriate amount of shear stress measured (e.g., failure surface developed on one side or both

side of footing).

Ttotal = 2":Plexiglass + 2"'-Aluminum Eq- 4.4

The calculated shear forces were subtracted from the experimental bearing capacity
values to determine how they lowered the percent difference between the experimental and
theoretical bearing capacities. Boussinesq analyses in prototype scale were also performed to
confirm the observed pressure along the face of the acrylic. The results were similar to the
observed values in the boundary condition experiment (Figure 4.4).

Combining the reduced bearing capacity equation for surface strip footings and Eq. 4.4,

N, could be calculated as shown in Eq. 4.5.

— qu_rtotal
N, = o Eq.4.5

The bias (measured/predicted) for the Vesi¢ (AASHTO recommended) and Zhu et al.
method N, (calculated using ¢ from the direct shear test) is shown in Figure 4.6. The Vesi¢ and
Zhu et al. methods appear to be representative for the medium dense and the very dense

conditions. Vesi¢’s method tends to slightly under predict the bearing capacity factor. The Zhu et
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al. method is based on centrifuge tests of strip footings with L/B =5 and had slightly better

predictions of the tests performed here. Vesi¢ method provides slightly more conservative values

and is recommended by AASHTO. Analysis of all centrifuge test result in Ch. 7 will consider

other existing methods for N;.
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Figure 4.6 Bearing capacity factor N, (Bias) plot

4.1.2 Concentric Loading Condition with Depth of Embedment Equal to 0.5B

In this series of experiments, a total of 11 load tests on footings embedded 0.5B were

performed at a centrifuge model scale of approximately N = 39, which is equivalent to a

prototype size footing 3.25 feet wide and 65 feet long. The A3 sand was tested in a medium

dense and very dense state and had an average dry unit weight, s, in the range of 101.51 Io/ft®

to 107.94 Ib/ft3 and average relative density, D, in the range of 63.72% to 95.55% for the top

soil layers where the failure surface was observed. The average peak friction angle from the

direct shear test was estimated to be in the range of 32.55° to 38.36°. The purpose of the tests

was to assess the influence of the embedment term, Nq on the bearing capacity of an embedded
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strip footing. The net ultimate bearing capacity, gn, is the ultimate pressure per unit area of the
footing which can be supported by the soil in excess of the existing vertical effective stress at the
depth of the footing (q = yDx). In the experiments with D¢ > 0, the only measurement of bearing
pressure is through the load measured in each of the pistons loading the model footing, which is
gn in Eq. 4.6.
In = qu—4q Eq. 4.6
After each test, pictures of profile and plan view of the models were taken to measure the
depths, shape and extent of the rupture surface after general shear failure. The measurements
were helpful in studying the internal friction angle at failure and estimating N, and Nq. Table 4.4
presents the post-test profile and plan views of the models, which indicate the failure surface
ruptured the ground surface in all cases, except for LT-07, LT-12 and LT-14.

Table 4.4 Post-test failure surface for concentric loading condition at embedment depth equal to
0.5B
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LT-06

LT-07

LT-08
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| Failure surface did NOT
|  rupture ground surface

Summary of the post-test images of rupture surfaces:

e Very dense sand (LT-07, LT-08, LT-10 — LT-14, and LT-20): The observed rupture surface

for LT-13 shows a maximum depth and length of 3.40 inches and 9.47 inches. The failure
surface for LT-13 ruptured the ground surface the full length of the footing (20 inches) on the
left side of the footing and approximately 75% the length of the footing (+/- 16 inches) on the
right side as shown in Table 4.4. LT-08 is the only test with a failure surface solely on the
right side which is the full length of the 20-inch footing. LT-20 is the only test with a failure
surface solely on the left side which is the full length of the 20-inch footing. The observed
failure surface ruptured the ground surface on the left and right sides of LT-10, LT-11 and
LT-13.

Medium dense sand (LT-05, LT-06 and LT-09): The observed rupture surface for LT-05
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shows a maximum depth and length of 2.78 inches and 8.74 inches. The failure surface
ruptured the ground surface approximately % the length of the footing (+/-16 inches) on the
left side of the footing as shown in Table 4.4. The observed failure surface ruptured the
ground surface on the left and right sides for LT-06.

Shown in Figure 4.7 are the prototypical bearing pressures for LT-5 through LT-14, and

LT-20 combined. Load test 5-14 showed an increase in bearing capacity with increase in relative
density as expected. However, LT- 20 had slightly lower bearing capacity (17,426 psf) than LT-
14 (19,700 psf), while having a higher relative density (12.25% difference).
In this series of testing, it was determined that LT-07, LT-12, LT-13, and LT-20 experienced
unexpected eccentricity during loading. LT-07, LT-12, and LT-20 displayed a failure surface
solely on one side of the footing and exhibited less bearing pressure than in similar load tests
with lower relative densities.

While LT-13 displayed a failure surface primarily on the left side with a partial failure
surface on the right side of the footing, the bearing pressure was less than in similar load tests.
To assess possible eccentricity developed during loading, bearing pressure was back-calculated
by adjusting the effective area for each load test until the bearing pressure aligned with other
load tests conducted with similar soil and loading parameters. The effective area was calculated
using the effective width of the footing, B “shown in Eq. 3.3.

In the case of LT-07, LT-12, LT-13 and LT-20 the eccentricity was calculated to be B/14
or 0.07 ft. The bearing pressures for LT-07, LT-12, LT-13 and LT-20 presented in Figure 4.7 are

the adjusted values after applying the new eccentricities.
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Figure 4.7 LT-5-14, and LT-20 (Dr = 0.5B) prototype net ultimate bearing pressure and load displacement plots
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The net ultimate bearing pressure, qu, achieved during each test is shown in Table 4.5

with corresponding relative density, Dy, dry unit weight, y, internal friction angle, ¢, normalized

displacement, A/B, and prototype displacement, A.

Table 4.5 Ultimate bearing pressure qu for concentric loading condition with depth of
embedment equal to zero (Ds = 0.5B)

Name Dr (%) Yry ) Measured- | Measured- | A/B A (inch)
(Ib/ft°) | (degree) qu (psf) | Load (kip)
LT-05 63.72 101.51 32.55 11,630 2,472 0.1758 6.85
LT-06 63.75 101.52 32.55 11,122 2,364 0.1883 7.34
LT-07 86.80 106.09 36.76 15,970 3,530 0.2217 8.64
LT-08 86.07 105.94 36.62 16,702 3,561 0.2294 8.94
LT-09 62.26 101.23 32.28 10,992 2,332 0.2245 8.75
LT-10 88.47 106.44 37.07 17,503 3,728 0.2029 7.91
LT-11 86.61 106.05 36.73 15,777 3,357 0.2464 9.61
LT-12 88.83 106.51 37.13 17,701 3,231 0.2257 8.80
LT-13 91.11 106.99 37.55 18,406 3,367 0.2220 8.66
LT-14 94.16 107.64 38.10 22,120 4,697 0.1839 7.17
LT-20 95.02 107.82 38.26 21,262 3,872 0.1651 6.44

4.1.3 Concentric Loading Condition with Depth of Embedment Equal to 1B

In this series of experiments, a total of 2 load tests on footings embedded 1B were

performed at a centrifuge model scale of approximately N = 39, which is equivalent to a

prototype size footing 3.25 feet wide and 65 feet long. The A3 sand was prepared in a very dense

state with an average dry unit weight, yar, of 107.67 Ib/ft® and 107.94 Ib/ft3 and average relative

density, Dr of 94.31% and 95.55% for the sand layers where the failure surface was observed.

The average peak friction angle from the direct shear test was estimated to be in the range of

38.13° and 38.36°. The purpose of the tests was to assess the influence of the embedment term,

Ngq on the bearing capacity for depth of embedment equal to B.

Table 4.6 presents the post-test plan view and failure surface views of the soil

stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the
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ground surface for LT-21 but did not for LT-16.

Table 4.6 Post-test failure surface for concentric loading condition at embedment depth equal to
the footing width, B

The observed rupture surface for LT-21 shows a maximum depth and length of 2.97
inches and 9.63 inches. The failure surface for LT-21 ruptured the ground surface the full length
of the footing (20 inches) on the left side of the footing as shown in Table 4.6.

Shown in Figure 4.8 are the prototypical bearing pressures for LT-16 and LT-21
combined. Load tests 16 and 21 show an increase in bearing capacity with increase in relative
density as expected. However, when compared to the design values the measured values were
considerably lower. After further examination of the failure surface plots, it was concluded LT-
16 and LT-21 incurred unexpected eccentricity during loading.

LT-16 and LT-21 displayed a failure surface acting solely on one side of the footing and
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exhibited less bearing pressure. Eccentricity was back-calculated by adjusting the effective area

for each load test until the bearing pressure aligned with other load test with similar soil and

loading parameters, in this case the design values were used as a reference. The effective area

was calculated using the effective width of the footing, B “in Eq. 3.3.

In the case of LT-16 and LT-21 the eccentricity was calculated to be B/14 or 0.07 ft. The

bearing pressures presented in Figure 4.8 are after applying the eccentricity to LT-16 and LT-21.

The net ultimate bearing pressure qu, achieved during each test is shown in Table 4.7 with

corresponding relative density, Dy, dry unit weight, yary, internal friction angle, ¢, prototype load,

normalized displacement A/B, and prototype displacement, A .

Table 4.7 Net ultimate bearing pressure qu for concentric loading condition with depth of
embedment equal to footing width (Ds = B)

Name | Dr (%) Yary ) Measured- | Measured- | A/B A (inch)
(Ib/ft3) (degree) qu (psf) Load (kip)

LT-16 9431 107.67 38.13 30,976 5,652 0.1475 5.90

LT-21 95.55 107.94 38.36 32,484 5,921 0.1393 5.57
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Figure 4.8 LT-16 and LT-21 (D = B) prototype net ultimate bearing pressure and load displacement plots
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5.0 RECTANGULAR FOOTING (L/B =10) TESTS

5.1 Model Load Tests on Rectangular Footing (L/B=10) for Very Dense Condition

Each load case was tested at Df = 0 and Dr = 0.5B for lateral to axial load ratios of 0.10

and 0.25, and on medium dense and very dense sand. All eccentric loads were applied B/6 from

the centerline of the footing. Replicates of each case were performed to check for experimental

repeatability. Table 5.1 lists the identifiers for each test with their date, load case, sand

conditions, and footing embedment depth.

Table 5.1 List of load tests for rectangular footing

Name Date Ié(;ig Density (Dr) EDn;gfg ngt Eccentricity Iﬂixnf;t'%n Se;es
LT-22* | 3/08/19 1 Very Dense 0 0 0 1
LT-23 3/25/19 1 Very Dense 0 0 0 2
LT-24 3/27/19 1 Very Dense 0 0 0 3
LT-25 3/29/19 4 Very Dense 0 B/6 0.10 1
LT-26 4/05/19 4 Very Dense 0 B/6 0.10 2
LT-27 4/08/19 5 Very Dense 0 B/6 0.10 1
LT-28 4/09/19 5 Very Dense 0 B/6 0.10 2
LT-29 4/09/19 3 Very Dense 0 B/6 0.10 1
LT-30 4/12/19 3 Very Dense 0 B/6 0.10 2
LT-31 4/15/19 2 Very Dense 0 B/6 0 1
LT-32 4/16/19 2 Very Dense 0 B/6 0 2
LT-33 4/17/19 2 Very Dense 0.5B B/6 0 1
LT-34 4/18/19 2 Very Dense 0.5B B/6 0 2
LT-35 4/19/19 1 Very Dense 0.5B 0 0 1
LT-36 4/22/19 1 Very Dense 0.5B 0 0.10 2
LT-37 4/23/19 4 Very Dense 0.5B 0 0.10 1
LT-38 4/24/19 4 Very Dense 0.5B 0 0.10 2
LT-39 4/25/19 5 Very Dense 0.5B B/6 0.10 1
LT-40 4/25/19 5 Very Dense 0.5B B/6 0.10 2
LT-41 4/26/19 3 Very Dense 0.5B B/6 0.10 1
LT-42 4/27/19 3 Very Dense 0.5B B/6 0.10 2
LT-43 4/29/19 2 Very Dense 0 B/6 0 3
LT-44 5/06/19 1 Very Dense 0.5B 0 0 3
LT-45 5/07/19 4 Very Dense 0 0 0.25 1
LT-46 5/07/19 4 Very Dense 0 B/6 0.25 2
LT-47 5/08/19 5 Very Dense 0 B/6 0.25 1
LT-48 5/08/19 5 Very Dense 0 B/6 0.25 2
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Table 5.1 (continued)

LT-49 5/08/19 3 Very Dense 0 B/6 0.25 1
LT-50* | 5/08/19 3 Very Dense 0 B/6 0.25 2
LT-51 5/09/19 4 Very Dense 0.5B B/6 0.25 1
LT-52 5/09/19 4 Very Dense 0.5B B/6 0.25 2
LT-53 5/09/19 5 Very Dense 0.5B B/6 0.25 1
LT-54 5/10/19 5 Very Dense 0.5B B/6 0.25 2
LT-55 5/10/19 3 Very Dense 0.5B B/6 0.25 1
LT-56 5/10/19 3 Very Dense 0.5B B/6 0.25 2
LT-57 5/24/19 3 Very Dense 0 B/6 0.25 3

* Load test excluded from analysis due to unrepeatable results or instrumentation malfunction

5.1.1 Lateral-to-Axial Ratio of 0.10 with Depth of Embedment Equal to Zero

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to zero. The AASHTO A3 soil used in the test had an average dry unit
weight, 7y, in the range of 106.90 Ib/ft® to 108.66 Ib/ft® and average relative density, Dy in the
range of 90.63% to 98.89% for the sand layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 37.46°
to 38.86°. The model footing was tested at N = 40 G which results in a prototype footing width
and length of 5 feet by 50 feet with the L/B ratio of 10. All eccentric loads were applied B/6
(0.25 inches) from the center of the footing and inclined loads were applied at a lateral-to-axial
ratio of 0.10 (5.7°). The combined eccentric-inclined loads were applied in the same geometric
loading conditions as the individual parts.

The net bearing capacity plots for each test are presented in Figure 5.1. All eccentric and
eccentric-inclined loading conditions used the effective width B “to determine the bearing
pressure. Listed in Table 5.2 are the internal friction angles, unit weight, relative density, and net
measured bearing capacities, gnet, With percent differences to demonstrate repeatability for each

test.
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Figure 5.1 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds=0
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Table 5.2 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.1 and Ds = 0 (VD)

Load | Load Yary Cnet Percent
¢ (deg) 3 | Dr (%) AIB | Measured | Difference

Test Case (Ib/ft°) (psh) (%)
LT-23 1 38.41| 108.00 | 95.82| 0.175 19,954 6.97
LT-24 1 38.57 | 108.20 | 96.73 | 0.160 21,396 '
LT-32 2 38.86 | 108.66 | 98.89 | 0.176 19,102 3.98
LT-43 2 38.57 | 108.53 | 98.29 | 0.180 19,878 '
LT-29 3 38.24| 107.84| 95.07| 0.138 9,921 6.06
LT-30 3 38.28 | 107.84| 95.10| 0.126 9,337 '
LT-25 4 37.46 | 106.90 | 90.63 | 0.154 15,662 367
LT-26 4 38.11| 107.65| 9420 | 0.143 15,098
LT-27 5 38.20 | 107.75| 94.67 | 0.208 15,526 8.17
LT-28 5 38.55| 108.16 | 96.60 | 0.204 16,849 '

Table 5.3 presents the post-test plan view and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the
ground surface in all cases except for LT-23 (Load Case-1.1).

Table 5.3 Post-test failure surface for lateral-to-axial ratio equal to 0.10 at embedment depth
equal to zero

ey
TR AR
Load Case-1 (LT-23)
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(LT-24) D¢=0

NO IMAGE

Load Case-4 (LT-25)

Load Case-5 (LT-27)
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Load Case-2 (LT-43)

Summary of the post-test images of rupture surfaces:

The observed rupture surface for Load Case-1 (LT-24) shows the maximum depth and length
of the failure surface. LT-24 had a failure surface depth and length of 5 inches and 9.42
inches. The failure surface ruptured the top layer of soil on the left side of the footing as the
test underwent concentric loading at the center of the footing.

Load Case-2 (LT-31, LT-32 and LT-43) had failure surface depths of 3.03, 2.97 and 3.01
inches with lengths of 7.97, 8.75 and 7.70 inches. Load Case-2 applies an eccentric load B/6
from the center of the footing.

Load Case-3 (LT-29 and LT-30) shows the minimum failure surface depth and length. LT-29
and LT-30 had failure surface depths of 2.00 and 2.53 inches. LT-29 had a failure surface

length of 2.63 inches. LT-30 had a failure surface length of 7.97 inches. Both LT-29 and LT-
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30 observed a failure surface on the right side of the footing as the footing underwent
inclined-eccentric loading outward (+) to the direction of the eccentricity.

e The profile view of the failure surface for Load Case-4 (LT-25) was lost. Load Case- 4 (LT-
26) reports a failure surface depth and length of 3.05 inches and 4.68 inches as the footing
underwent inclined loading at the center of the footing. Similar to LT-29, continued loading
after initial bearing capacity failure would have resulted in a more pronounced failure
surface.

e Load Case-5 (LT-27 and LT-28) observed well-formed failure surfaces. The measured depth
and length of LT-27 was 2.99 inches and 6.61 inches while LT-28 had failure surface depth
and length of 3.04 inches and 8.08 inches.

Wack (1961) and Sokolovski (1960) showed the effect of eccentric inclined loads
through a theoretical framework. Wack (1961) showed that for the case of an eccentric inclined
load in the direction of the eccentricity (Load Case-5) the failure surface would be shallower and
thus the capacity of the soil would be reduced (Figure 5.2). Alternatively, where the eccentric
load was inclined opposite the direction of eccentricity (Load Case-3), Wack (1961) suggested
that the failure surface would be deeper and the capacity of the soil would be greater than the

eccentric case (Figure 5.3).

inclined

AN

8=0

Figure 5.2 Effect of load inclined in direction of eccentricity (from Perloff and Baron, 1976)
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inclined IQ

N

Figure 5.3 Effect of load inclined opposite of eccentricity (from Perloff and Baron, 1976)

The direction of the observed failure surfaces for Load Cases-3, 4, and 5 are similar to
what Wack (1961) proposed (Figures 5.2 and 5.3). However, the depth of the failure surface is
opposite in Perloff and Baron, (1976) (based on Wack, 1961), as seen in Table 5.3 and Figures
5.2 and 5.3. This difference in depth of the failure surface translates to the bearing capacities
(mobilized shear stress over the length of the failure surface). The results in Table 5.2 are
opposite of the trend in capacities suggested Wack (1961) for Load Cases 3 and 5. Observations
of bearing capacities of footings on saturated clays (¢ = 0) that are subjected to inclined-eccentric
loads agree with Figures 5.2 and 5.3 (Bransby and Randolph, 1998; Gourvenec and Randolph,
2003). Gottardi and Butterfield (1993), Loukidis et al. (2008), and Patra et al. (2012) show trends
in capacities for Load Cases 3 and 5 of studies of footings on granular material subjected to Load
Cases 3 and 5 that agree with results in Table 5.2.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 5.4 and 5.5. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were position beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-23 and LT-24) demonstrates a pressure distribution with an increasing
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radial shape towards the center of the footing. This pressure profile is consistent with Loukidis et
al. (2008) for sand, as shown in Figure 5.6. Note, Loukidis et al. (2008) assigned positive
eccentricity in the negative direction from the footing centerline. Load Case-2 (LT-32 and LT-
43), Load Case-3 (LT-29 and LT-30), Load Case-4 (LT-25 and LT-26), and Load Case-5 (LT-27
and LT-28) demonstrates a trapezoidal shape with increasing pressure on the side of eccentricity,

inclination or eccentric-inclined loading.
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Figure 5.4 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds = 0
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Figure 5.5 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Df=0
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Like the results presented in the pressure displacement plots (Fig. 5.1), Load Case-1
reports the highest bearing pressure and Load Case-3 reports the lowest bearing pressures.
Comparing Load Case-3 with Load Case-5, the latter shows an increase in bearing pressure over
Load-Case-3 as evidenced by the observed failure surfaces in Table 5.3 (shallower and shorter

surface in Load Case 3 compared to Load Case 5).
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Figure 5.6 Pressure distributions from numerical models of eccentrically loaded footing on
granular soil (Loukidis et al., 2008)

5.1.2 Lateral-to-Axial Ratio of 0.10 with Depth of Embedment Equal to 0.5B

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to 0.5B. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7y, in the range of 107.91 Ib/ft® to 108.38 Ib/ft® and average relative density, Dy in the
range of 95.40% to 97.58% for the top soil layers where the failure surface was observed. The

average peak friction angle from the direct shear testing was estimated to be in the range of
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38.33° to 38.73°. The model footing was tested at N = 40 G which represents a prototype footing
width and length of 5 feet by 50 feet (L/B = 10) and embedment depth equal to 0.5B. All
eccentric loads were B/6 (0.25 inches) from the center of the footing and inclined loads were
applied at a lateral-to-axial ratio of 0.10 (5.7°). The combined eccentric-inclined load test will
apply the same geometric loading conditions as the individual parts.

The net bearing capacity for each test are presented in Figure 5.7. All eccentric and
eccentric-inclined loading conditions used the effective width B “to determine the bearing
pressure. Listed in Table 5.4 are the internal friction angles, unit weight, relative density, and net

measured bearing capacities with percent differences to demonstrate repeatability for each test.

Table 5.4 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.1 and D¢ = 0.5B (VD)

Load Load Yoy Qnet Percent
¢ (deg) 3 | Dr (%) A/IB | Measured | Difference

Test Case (Ib/ft°) (0sf) (%)
LT-36 1 38.37 | 107.95| 95.60| 0.215 31,049 8.49
LT-44 1 38.38 | 107.97| 95.70 | 0.223 33,802 '
LT-33 2 38.33| 10791 | 9540 | 0.194 24,261 3.83
LT-34 2 38.38 | 107.96 | 95.65| 0.193 25,208 '
LT-41 3 38.63 | 108.17 | 96.65| 0.169 13,873 1011
LT-42 3 38.64 | 108.27 | 97.10| 0.153 15,351 '
LT-37 4 38.54 | 108.15| 96.54 | 0.173 26,102 4.98
LT-38 4 38.42 | 108.01| 9589 | 0.175 24,834 '
LT-39 5 38.63 | 108.25| 97.02| 0.196 26,292 590
LT-40 5 38.73| 108.38| 97.58 | 0.206 25,539 '
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Figure 5.7 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds = 0.5B
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Table 5.5 presents the post-test plan view and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the
ground surface in all cases

Table 5.5 Post-test failure surface for lateral-to-axial ratio equal to 0.10 at embedment depth
equal to 0.5B

Load Case-1 (LT-44)
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Load Case-2 (LT-33)

Load Case-3 (LT-42)
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Load Case-5 (LT-40)
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Summary of the post-test images of rupture surfaces:

The observed rupture surface for Load Case-1 (LT-35, LT-36, and LT-44) shows the
maximum depth and length of the failure surface. LT-35, LT-36, and LT-44 had showed
well-formed failure surfaces (Table 5.5) with depths of 4.19, 4.76, and 4.22 inches with
lengths of 9.61, 9.60, and 9.41 inches. The failure surface ruptured the top layer of soil on
the left side of the footing as the test underwent concentric loading at the center of the
footing.

Load Case-2 (LT-33 and LT-34) had well-formed failure surface depths of 3.17 and 3.24
inches with lengths of 9.31 and 9.26 inches. The failure surface ruptured the top layer of soil
on the left side of the footing as the test underwent eccentric loading at distance of B/6 from
the center of the footing.

Load Case-3 (LT-41 and LT-42) shows the minimum failure surface depth and length. LT-41
and LT-42 had failure surface depths of 2.75 and 2.73 inches with lengths of 5.42 and 6.38
inches. LT-41 and LT-42 unexpectedly observed a failure surface on the left side of the
footing as the footing underwent inclined-eccentric loading outward (-) to the direction of
the eccentricity.

Load Case- 4 (LT-37 and LT-38) observed well-formed failure surface depth of 3.69 and
3.74 inches with lengths of 7.9 inches and 10.44 inches as the footing underwent inclined
loading at the center of the footing.

Load Case-5 (LT-39 and LT-40) observed well-formed failure surfaces. The measured depth
and length of LT-39 was 3.23 inches and 9.96 inches while LT-40 had failure surface depth
and length of 3.22 inches and 10.57 inches. The failure surface ruptured the top layer of soil

on the left side of the footing as the test underwent eccentric-inclined loading inward (+) to
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the direction of the eccentricity.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 5.8 and 5.9. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were positioned beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-36 and LT-44) demonstrates a pressure distribution with an increasing
radial shape towards the center of the footing. This pressure profile is consistent with previous
numerical modeling research presented by Loukidis et al. (2008) for sand as shown in Figure 5.6.
Load Case-2 (LT-33 and LT-34), Load Case-3 (LT-41 and LT-42), Load Case-4 (LT-37 and LT-
38), and Load Case-5 (LT-39 and LT-40) demonstrates a trapezoidal shape with increasing
pressure on the side of eccentricity, inclination or eccentric-inclined loading. The trapezoidal
shift in pressure towards the side of eccentric or inclined loading is also present in Loukidis et al.

(2008) analysis.
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5.1.3 Lateral-to-Axial Ratio of 0.25 with Depth of Embedment Equal to Zero

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to zero. The AASHTO A3 soil used in the tests had an average dry unit
weight, iy, in the range of 107.82 Ib/ft® to 108.66 Ib/ft* and average relative density, Dy in the
range of 94.99% to 98.89% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 38.26°
to 38.86°. The model footing was tested at N = 40 G which results in a prototype footing width
and length of 5 feet by 50 feet with the L/B ratio of 10. All eccentric loads were applied at a
distance of B/6 (0.25 inches) from the center of the footing and inclined loads were applied at a
lateral-to-axial ratio of 0.25 (14°). The combined eccentric-inclined load test applied the same
geometric loading conditions as the individual parts.

The net bearing capacity for each test is presented in Figure 5.10. Listed in Table 5.6 are
the internal friction angles, unit weight, relative density, and net measured bearing capacities
with percent differences to demonstrate repeatability for each test.

Table 5.6 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.25 and D = 0 (VD)

Load Load Yoy Qnet Percent
¢ (deg) 3 | Dr (%) A/IB | Measured | Difference

Test Case (Ib/ft°) (0sf) (%)
LT-23 1 38.41 | 108.00 | 95.82| 0.175 19,954 6.97
LT-24 1 38.57 | 108.20 | 96.73| 0.160 21,396 '
LT-32 2 38.86 | 108.66 | 98.89| 0.176 19,102 3.08
LT-43 2 38.57 | 10853 | 98.29 | 0.180 19,878 '
LT-49 3 38.42 | 108.01| 95.89 | 0.067 3,725 4.59
LT-57 3 38.26 | 107.82| 95.00| 0.084 3,900 '
LT-45 4 38.39 | 107.97| 95.70 | 0.077 7,542 6.55
LT-46 4 3852 | 108.12| 96.41| 0.068 7,064 '
LT-47 5 38.30 | 107.87 | 95.22| 0.200 13,390 381
LT-48 5 38.26 | 107.82| 9499 | 0.178 12,889 '
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Table 5.7 presents the post-test plan view and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the
ground surface in all cases.

Table 5.7 Post-test failure surface for lateral-to-axial ratio equal to 0.25 at embedment depth
equal to zero

Load Case-5 (LT-47)
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=
=

Load Case-3 (LT-57)

Summary of the post-test images of rupture surfaces:

e The observed rupture surface for Load Case-1 (LT-23 and LT-24) was previously discussed
in section 1.5.1 Load Test for lateral-to-axial ratios of 0.10 with embedment depth equal to
zero and were used as the baseline for comparison for the test with lateral-to-axial ration of
0.25 with Df = 0.

e The observed rupture surface for Load Case-2 (LT-31, LT-32 and LT-43) was previously
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discussed in section 1.5.1 Load Test for lateral-to-axial ratios of 0.10 with Embedment Depth
equal to zero and will also be used for comparison for the test with lateral-to-axial ration of
0.25 with Df= 0.

e Load Case-3 (LT-49 and LT-57) shows the minimum failure surface depth and length. LT-49
and LT-57 had failure surface depths of 2.02 inches each with lengths of 8.21 and 6.49
inches. LT-49 and LT 57 observed a failure surface on the right side of the footing as
expected while the footing underwent inclined-eccentric loading outward () to the direction
of the eccentricity.

e Load Case- 4 (LT-45 and LT-46) observed well-formed failure surface depth of 2.03 and
2.02 inches and lengths of 4.64 inches and 4.73 inches as the footing underwent inclined
loading at the center of the footing.

e Load Case-5 (LT-47 and LT-48) observed well-formed failure surfaces. The measured depth
and length of LT-47 was 3.01 inches and 7.57 inches while LT-48 had failure surface depth
and length of 2.49 inches and 6.99 inches. The failure surface ruptured the top layer of soil
on the left side of the footing as the test underwent eccentric-inclined loading inward (+) to
the direction of the eccentricity.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 5.11 and 5.12. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were positioned beneath the footing in sequential order (PS-1 through PS-4) from left to

right at a spacing of 0.36 inches in model scale as previously stated.
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Figure 5.11 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds =0
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Load Case-1 (LT-23 and LT-24) demonstrates a pressure distribution with an increasing
radial shape towards the center of the footing. This pressure profile is consistent with previous
numerical modeling research presented by Loukidis et al. (2008) for sand as shown in Figure 5.6.
Load Case-2 (LT-32 and LT-43), Load Case-3 (LT-49 and LT-57), Load Case-4 (LT-45 and LT-
46), and Load Case-5 (LT-47 and LT-48) demonstrates a trapezoidal shape with increasing
pressure on the side of eccentricity, inclination or eccentric-inclined loading. The trapezoidal
shift in pressure towards the side of eccentric or inclined loading is also present in Loukidis et al.
(2008) analysis.

Like the results presented in the pressure displacement plots, Load Case-1 reports the
highest bearing pressure and Load Case-3 reports the lowest bearing pressures. Comparing Load
Case-3 with Load Case-5, the latter shows an increase in bearing pressure over Load-Case-3

which supports the increased failure surface depth previously discussed.

5.1.4 Lateral-to-Axial Ratio of 0.25 with Depth of Embedment Equal to 0.5B

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to 0.5B. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7ary, in the range of 107.74 Ib/ft3 to 108.26 Ib/ft® and average relative density, Dy in the
range of 94.63% to 97.06% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 38.19°
to 38.63°. The model footing was tested at N = 40 G which results in a prototype footing width
and length of 5 feet by 50 feet with the L/B ratio of 10 and embedment depth equal to 0.5B. All
eccentric loads were applied B/6 (0.25 inches) from the center of the footing and inclined loads
were applied at a lateral-to-axial ratio of 0.25 (14°). The combined eccentric-inclined load test

applied the same geometric loading conditions as the individual parts. The net bearing capacity
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for each test are presented in Figure 5.13. All eccentric and eccentric-inclined loading conditions
used the effective width B “to determine the bearing pressure. Listed in Table 5.8 are the internal
friction angles, unit weight, relative density, and net measured bearing capacities with percent
differences to demonstrate repeatability for each test.

Table 5.8 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.25 and Ds = 0.5B (VD)

Load Load Yoy Qnet Percent
¢ (deg) 3 | Dr (%) A/IB | Measured | Difference

Test Case (Ib/ft°) (psf) (%)
LT-36 1 38.37 | 107.95| 95.60| 0.215 31,049 8.49
LT-44 1 38.38 | 107.97| 95.70 | 0.223 33,802 '
LT-33 2 38.33| 10791 | 9540 | 0.194 24,261 3.83
LT-34 2 38.38 | 107.96 | 95.65| 0.193 25,208 '
LT-55 3 38.40 | 10798 | 95.77| 0.123 9,628 8.03
LT-56 3 38.25| 107.81| 9494 | 0.135 10,528 '
LT-51 4 38.19 | 107.74| 94.63| 0.113 13,509 3.69
LT-52 4 38.63 | 108.26 | 97.06 | 0.122 14,017 '
LT-53 5 38.36 | 107.94| 9556 | 0.254 23,412 0.42
LT-54 5 38.30 | 107.87 | 95.22| 0.212 23,510 '
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Table 5.9 presents the post-test plan view and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the
ground surface in all cases.

Table 5.9 Post-test failure surface for lateral-to-axial ratio equal to 0.25 at embedment depth
equal to 0.5B

- - = T s et

Load Case-5 (LT-53)
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Load Case-3 (LT-56)

Summary of the post-test images of rupture surfaces:

e The observed rupture surface for Load Case-1 (LT-35, LT-36 and LT-44) was previously
discussed in section 1.5.2 Load Test for lateral-to-axial ratios of 0.10 with Embedment Depth
equal to 0.5B and were used as the baseline for comparison for the test with lateral-to-axial

ration of 0.25 with Ds = 0.
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Load Case-2 (LT-33 and LT-34) was previously discussed in section 1.5.2 Load Test for
lateral-to-axial ratios of 0.10 with embedment depth equal to 0.5B and will also be used for
comparison for the test with lateral-to-axial ration of 0.25 with Ds = 0.

Load Case-3 (LT-55 and LT-56) shows the minimum failure surface depth and length. LT-55
and LT-56 had failure surface depths of 2.23 and 2.21 inches with lengths of 6.62 and 6.41
inches. LT- Unlike LT-41 and LT-42, 55 and LT-55 observed a failure surface on the right
side of the footing as expected while the footing underwent inclined-eccentric loading
outward () to the direction of the eccentricity.

Load Case- 4 (LT-51 and LT-52) observed well-formed failure surface depths of 3.76 and
3.18 inches and lengths of 8.72 inches and 6.92 inches as the footing underwent inclined
loading at the center of the footing.

Load Case-5 (LT-53 and LT-54) observed well-formed failure surfaces. The measured depth
and length of LT-53 was 2.72 inches and 7.67 inches while LT-54 had failure surface depth
and length of 3.17 inches and 9.48 inches. The failure surface ruptured the top layer of soil
on the left side of the footing as the test underwent eccentric-inclined loading inward (+) to
the direction of the eccentricity.

The bearing pressure distribution observed by the miniature pressure transducers is

presented for each load test in Figures 5.14 and 5.15. The loading position and orientation is

displayed in each plot to illustrate how the pressure distribution is developed. The pressure

sensors were positioned beneath the footing in sequential order (PS-1 through PS-4) from left to

right at a spacing of 0.36 inches in model scale as previously stated.
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Load Case-1 (LT-36 and LT-44) demonstrates a pressure distribution with an increasing
radial shape towards the center of the footing. Load Case-2 (LT-33 and LT-34), Load Case-3
(LT-55 and LT-56), Load Case-4 (LT-51 and LT-52), and Load Case-5 (LT-53 and LT-54)
demonstrates a trapezoidal shape with increasing pressure on the side of eccentricity, inclination
or eccentric-inclined loading. The trapezoidal shift in pressure towards the side of eccentric or
inclined loading is also present in Loukidis et al. (2008) analysis.

Comparing Load Case-3 and Load Case-5, the latter shows an increase in bearing pressure over
Load-Case-3, as evidenced by the observed failure surfaces in Table 5.3 (shorter surface in Load
Case 3 compared to Load Case 5).

A summary of the measured test results is presented in Table 5.10 which provides the
load case, relative density, Dy, friction angle, ¢, embedment depth, Ds, L/A ratio, inclination
angle, eccentricity, measured bearing capacity, qu, load and corresponding failure surface

direction, failure surface depth, and failure surface length.
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Table 5.10 List of load tests on very dense soil (L/B = 10)

Inclination Qi Logd & Failure | Failure
ot | Lot |0 oo |ory | | gl | e | weasieo | Fare | Sy | e

(deg) (psf) Direction (in) (in)
LT-23 1 95.82 3841 | 0.00 0.00 0.0 0 19,954 de 3.03 N/A
LT-24 1 96.73 38.57 | 0.00 0.00 0.0 0 21,396 le 5.00 9.42
LT-25 4 90.63 37.46 0.00 0.10 5.7 0 15,662 = N/A 4.05
LT-26 4 94.20 38.11 0.00 0.10 5.7 0 15,098 = 3.05 4.68
LT-27 5 94.67 38.20 0.00 0.10 57(-) | 0.25 15,526 V< 2.99 6.61
LT-28 5 96.60 38.55 0.00 0.10 57(-) | 0.25 16,849 V< 3.04 8.08
LT-29 3 95.07 38.24 0.00 0.10 5.7(+) | 0.25 9,921 v— 2.00 2.63
LT-30 3 95.10 38.28 0.00 0.10 5.7(+) | 0.25 9,337 v— 2.53 7.97
LT-32 2 98.29 38.86 0.00 0.00 0.0] 0.25 19,102 J 2.97 7.38
LT-33 2 95.40 38.33 2.45 0.00 0.0] 0.25 24,261 J 3.17 9.31
LT-34 2 95.65 38.38 | 245 0.00 0.0] 0.25 25,208 I 3.24 9.26
LT-36 1 95.60 38.37 | 245 0.00 0.0 0 31,049 L 4.76 9.6
LT-37 4 96.54 38.54 2.45 0.10 5.7 0 26,102 = 3.69 7.9
LT-38 4 95.89 38.42 2.45 0.10 5.7 0 24,834 = 3.74 | 10.44
LT-39 5 97.02 38.63 2.45 0.10 57(-)| 0.25 26,292 = 3.23 9.96
LT-40 5 97.58 38.73 2.45 0.10 57(=)| 0.25 25,539 V< 3.22 10.57
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Table 5.10 (continued)

LT-41 3 96.65 38.63 | 245 0.10 57(+) ] 0.25 13,873 Y- 2.75 5.42
LT-42 3 97.10 38.64 | 245 0.10 5.7(#) | 0.25 15,351 Y- 2.73 6.38
LT-43 2 96.71 36.43 | 247 0.00 0.0 0.25 19,878 Y 3.01 7.7
LT-44 1 95.70 38.38 | 245 0.00 0.0] 0.25 29,540 le 4.22 941
LT-45 4 95.70 38.39 | 0.00 0.25 14.6 0 7,542 K 2.03 4.64
LT-46 4 96.41 38.52 | 0.00 0.25 14.6 0 7,064 K< 2.02 4.73
LT-47 5 95.22 38.30 | 0.00 0.25 146 (-) | 0.25 13,390 K< 3.01 7.57
LT-48 5 94.99 38.26 | 0.00 0.25 146 (=) | 0.25 12,889 K< 2.49 6.99
LT-49 3 95.89 38.42 | 0.00 0.25 146 (+) | 0.25 3,725 Y- 2.02 8.21
LT-51 4 94.63 38.19 2.45 0.25 14.6 0 13,509 T 3.76 8.72
LT-52 4 97.06 38.63| 245 0.25 14.6 0 14,017 T 3.18 6.92
LT-53 5 95.56 38.36 | 245 0.25 146 (-) | 0.25 23,412 K 2.72 7.67
LT-54 5 95.22 3830 | 245 0.25 146 (-) | 0.25 23,510 K 3.17 9.48
LT-55 3 95.77 3840 | 245 0.25 146 (+) | 0.25 9,628 ¥ 2.23 6.62
LT-56 3 94.94 3825 | 245 0.25 146 (+) | 0.25 10,528 Y- 2.21 6.41
LT-57 3 95.00 38.26 | 0.00 0.25 146 (+) | 0.25 3,900 Y- 2.02 6.49

(-) indicates the load is inclined against the direction of eccentricity. (+) indicates the load is inclined in the direction of eccentricity.
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5.2 Model Load Tests — Concentric Loading on Rectangular Footing (L/B = 10) for
Medium Dense Condition

Each load case was tested at two separate embedment depths (Dr = 0 and Ds = 0.5B) for

lateral axial ratios of 0.10 and 0.25 for two relative density conditions (medium dense and very

dense). All eccentric loads were applied at a distance of B/6 from centerline of the footing.

Replicates of each case were performed to check for experimental repeatability. A total of 32

tests were performed in this series. The test procedure presented in sections 5.2 was repeated for

the rectangular footing with medium dense soil conditions.

Table 5.11 lists the identifiers for each test with the date, sand condition, load case and footing

configuration.

Table 5.11 List of load test for rectangular footing for medium dense condition

Load . Embedment | Eccentricit | Inclination | Series
Name Date Case Density (Dr) Depth (D) y L/A ratio 4
LT-58 | 7/09/19 1 Medium Dense 0 0 0 1
LT-59 | 7/11/19 1 Medium Dense 0 0 0 2
LT-60 | 7/12/19 1 Medium Dense 0.5B 0 0 1
LT-61 | 7/14/19 1 Medium Dense 0.5B 0 0 2
LT-62 | 7/16/19 2 Medium Dense 0 B/6 0 1
LT-63 | 7/16/19 2 Medium Dense 0 B/6 0 2
LT-64 | 7/18/19 2 Medium Dense 0.5B B/6 0 1
LT-65 | 7/18/19 2 Medium Dense 0.5B B/6 0 2
LT-66 | 7/21/19 3 Medium Dense 0 B/6 0.10 1
LT-67 | 7/21/19 3 Medium Dense 0 B/6 0.10 2
LT-68 | 7/23/19 3 Medium Dense 0.5B B/6 0.10 1
LT-69 | 7/27/19 3 Medium Dense 0.5B B/6 0.10 2
LT-70 | 7/25/19 4 Medium Dense 0 0 0.10 1
LT-71 | 7/25/19 4 Medium Dense 0 0 0.10 2
LT-72 | 7/27/19 4 Medium Dense 0.5B 0 0.10 1
LT-73 | 7/28/19 4 Medium Dense 0.5B 0 0.10 2
LT-74 | 7/28/19 5 Medium Dense 0 B/6 0.10 1
LT-75 | 7/29/19 5 Medium Dense 0 B/6 0.10 2
LT-76 | 7/30/19 5 Medium Dense 0.5B B/6 0.10 1
LT-77 | 7/30/19 5 Medium Dense 0.5B B/6 0.10 2
LT-78 | 7/31/19 3 Medium Dense 0 B/6 0.25 1
LT-79 | 8/01/19 3 Medium Dense 0 B/6 0.25 2
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Table 5.11 (continued)

LT-80 | 8/01/19 3 Medium Dense 0.5B B/6 0.25 1
LT-81 | 8/02/19 3 Medium Dense 0.5B B/6 0.25 2
LT-82 | 8/03/19 4 Medium Dense 0 0 0.25 1
LT-83 | 8/03/19 4 Medium Dense 0 0 0.25 2
LT-84 | 8/04/19 4 Medium Dense 0.5B 0 0.25 1
LT-85 | 8/04/19 4 Medium Dense 0.5B 0 0.25 2
LT-86 | 8/09/19 5 Medium Dense 0 B/6 0.25 1
LT-87 | 8/11/19 5 Medium Dense 0 B/6 0.25 2
LT-88 | 8/11/19 5 Medium Dense 0.5B B/6 0.25 1
LT-89 | 8/11/19 5 Medium Dense 0.5B B/6 0.25 2

5.2.1 Lateral-to-Axial Ratio of 0.10 with Depth of Embedment Equal to Zero

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to zero. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7y, in the range of 101.42 Ib/ft® to 101.67 Ib/ft® and average relative density, Dy in the
range of 63.27% to 64.56% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.47°
to 32.70°. The model footing was tested at N = 40 G which results in a prototype footing width
and length of 5 feet by 50 feet with the L/B ratio of 10. All eccentric loads were applied at a
distance of B/6 (0.25 inches) from the center of the footing and inclined loads were applied at a
lateral-to-axial ratio of 0.10 (5.7°). Each combined eccentric-inclined load test applied the same
geometric loading conditions at the individual parts. The net bearing capacity for each test is
presented in Figure 5.16. All eccentric and eccentric-inclined loading conditions used the
effective width B “to determine the bearing pressure. Listed in Table 5.12 are the internal friction
angles, unit weight, relative density, and net measured bearing capacities with percent

differences to demonstrate repeatability for each test.
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Table 5.12 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.1 and D= 0 (MD)

Load | Load Yary Cnet Percent
¢ (deg) s | Dr(%) | A/B | Measured | Difference

Test Case (Ib/ft°) (psh) (%)
LT-58 1 32.54 | 101.50 | 63.65 | 0.2315 | 13,303 241
LT-59 1 32.61 | 101.58 | 64.08 | 0.2105 | 12,352 '
LT-62 2 3256 | 101.53 | 63.8 | 0.2003 | 10,103 4.05
LT-63 2 32.63 | 101.59 | 64.16 | 0.2313 | 9,702 '
LT-66 3 32.70 | 101.67 | 64.56 | 0.1207 7,502 174
LT-67 3 32.65 | 101.61 | 64.26 | 0.1155 7,634 '
LT-70 4 32.65 | 101.61 | 64.25 | 0.1531 8,564 779
LT-71 4 32.47 | 101.42 | 63.27 | 0.1807 9,252 '
LT-74 5 32.67 | 101.64 | 64.39 | 0.1689 | 10,918 8.17
LT-75 S) 32.61 | 101.58 | 64.08 | 0.1478 | 10,061 '

Table 5.13 presents the post-test plan view and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur.

Table 5.13 Post-test failure surface for lateral-to-axial ratio equal to 0.10 at embedment depth
equal to zero
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Summary of the post-test images of rupture surfaces:

The observed rupture surface for Load Case-1 (LT-58 and LT-59) shows the maximum depth
and length of the failure surface. Load Case-1 (LT-58 and LT-59) had a failure surface depth
of 3.79 and 4.16 inches and lengths of 8.88 and 8.75 inches. The failure surface ruptured the
top layer of soil on the left side of the footing as the test underwent concentric loading at the
center of the footing.

Load Case-2 (LT-62 and LT-63) had failure surface depth of 2.57 and 2.53 inches with
lengths of 6.43 and 6.72 inches. Load Case-2 applies an eccentric load at a distance of B/6
from the center of the footing.

Load Case-3 (LT-66 and LT-67) had failure surface depth of 2.07 and 2.09 inches with
lengths of 7.44 and 7.60 inches. Both LT-66 and LT-67 observed a failure surface on the
right side of the footing as the footing underwent inclined-eccentric loading (+) to the
direction of the eccentricity.

Load Case-4 (LT-70 and LT-71) had failure surface depth of 2.55 and 3.03 inches with
lengths of 8.21 and 9.69 inches as the footing underwent inclined loading at the center of the
footing. LT-71 mistakenly received additional loading at 1 G after the test was over. The

hydraulic pump control valve was in the advance position instead of the retract position as
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the test apparatus was being dissembled. This is the reason for the larger failure surface depth
and length.

e Load Case-5 (LT-74 and LT-75) had failure surface depth of 2.54 and 2.52 inches with
lengths of 7.51 and 7.17 inches. Both LT-74 and LT-75 observed a failure surface on the left
side of the footing as the footing underwent inclined-eccentric loading (-) to the direction of
the eccentricity.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 5.17 and 5.18. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were position beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-58 and LT-59) demonstrates a non-uniform pressure distribution with
an increasing radial shape towards the center of the footing. This pressure profile is consistent
with previous numerical modeling research presented by Loukidis et al. (2008) for sand as
shown in Figure 5.6. Load Case-2 (LT-62 and LT-63), Load Case-3 (LT-66 and LT-67), Load
Case-4 (LT-71), and Load Case-5 (LT-74 and LT-75) demonstrates a trapezoidal shape with
increasing pressure on the side of eccentricity, inclination or eccentric-inclined loading. The
trapezoidal shift in pressure towards the side of eccentric or inclined loading is also present in
Loukidis et al. (2008) analysis. Load Case-4 (LT-70) demonstrates a non-uniform pressure
distribution with an increasing radial shape towards the center of the footing similar to Load
Case-1. Similar to the results presented in the pressure displacement plots, Load Case-1 reports

the highest bearing pressure and Load Case-3 reports the lowest bearing pressures.
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5.2.2 Lateral-to-Axial Ratio of 0.10 with Depth of Embedment Equal to 0.5B

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to 0.5B. The AASHTO A3 soil used in the test had an average dry unit
weight, iy, in the range of 101.41 Ib/ft® to 101.54 Ib/ft* and average relative density, Dy in the
range of 63.17% to 64.85% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.45°
to 32.67°. The model footing was tested at N = 40 G which results in a prototype footing width
and length of 5 feet by 50 feet with the L/B ratio of 10. All eccentric loads were applied at a
distance of B/6 (0.25 inches) from the center of the footing and inclined loads were applied at a
lateral-to-axial ratio of 0.10 (5.7°). The net bearing capacity for each test are presented in Figures
5.19. All eccentric and eccentric-inclined loading conditions used the effective width B ’to
determine the bearing pressure. Listed in Table 5.14 are the internal friction angles, unit weight,
relative density, and net measured bearing capacities with percent differences to demonstrate
repeatability for each test.

Table 5.14 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.1 and Ds = 0.5B (MD)

net Percent

I'_I'Oez(tj Ié(;ig ¢ (deg) (Ig‘/’?{g) Dr (%) A/B Megsured Difference

(psf) (%)
LT-60 1 3256 | 101.52 | 63.79 | 0.2171 | 17,104 163
LT-61 1 3249 | 101.45 | 63.40 | 0.2042 | 16,827 '
LT-64 2 3258 | 101.54 | 63.88 | 0.2432 | 15,252 129
LT-65 2 32.67 | 101.63 | 64.37 | 0.2554 | 15,450 '
LT-68 3 32.64 | 101.61 | 64.23 | 0.1624 | 8,880 5.45
LT-69 3 3245 | 101.41 | 63.17 | 0.1981 9,377 '
LT-72 4 3251 | 101.47 | 63.52 | 0.1204 | 12,503 559
LT-73 4 32.61 | 101.57 | 64.03 0.142 13,221 '
LT-76 5 32,57 | 101.54 | 63.85 | 0.2525 | 16,390 299
LT-77 5 3255 | 101.51 | 63.74 | 0.2016 | 15,130 '
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Figure 5.19 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds = 0.5B
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Table 5.15 presents the post-test plan view and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the

ground surface in all cases.

Table 5.15 Post-test failure surface for lateral-to-axial ratio equal to 0.10 at embedment depth
equal to 0.5B

Load Case-1 (LT61) D=0
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Load Case-4 (LT-72)
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- = o S

Load Case-4 (LT-73)

Load Case-5 (LT-77)

Summary of the post-test images of rupture surfaces:

e The observed rupture surface for Load Case-1 shows the maximum depth and length of the
failure surface. Load Case-1 (LT-60 and LT-61) had a failure surface depth of 4.92 inches
each and lengths of 9.29 and 9.14 inches. The failure surface ruptured the top layer of soil on

the left side of the footing as the test underwent concentric loading at the center of the
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footing.

e Load Case-2 (LT-64 and LT-65) had failure surface depth of 3.39 and 2.87 inches with
lengths of 9.51 and 8.33 inches. Load Case-2 applies an eccentric load at a distance of B/6
from the center of the footing.

e Load Case-3 (LT-68 and LT-69) had failure surface depth of 2.81 and 2.80 inches with
lengths of 7.98 and 7.73 inches. Both LT-68 and LT-69 observed a failure surface on the
right side of the footing as the footing underwent inclined-eccentric loading (+) to the
direction of the eccentricity.

e Load Case-4 (LT-72 and LT-73) had failure surface depth of 3.31 and 3.30 inches with
lengths of 9.21 and 9.30 inches as the footing underwent inclined loading at the center of the
footing.

e Load Case-5 (LT-76 and LT-77) had failure surface depth of 3.30 and 3.29 inches with
lengths of 8.33 and 9.02 inches. Both LT-74 and LT-75 observed a failure surface on the left
side of the footing as the footing underwent inclined-eccentric loading () to the direction of
the eccentricity.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 5.20 and 5.21. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were position beneath the footing in sequential order (PS-1 through PS-4) from left to

right at a spacing of 0.36 inches in model scale as previously stated.
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Figure 5.20 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds = 0.5B
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Load Case-1 (LT-60 and LT-61) demonstrates a non-uniform pressure distribution with
an increasing radial shape towards the center of the footing. This pressure profile is consistent
with previous numerical modeling research presented by Loukidis et al. (2008) for sand as
shown in Figure 5.6. Load Case-2 (LT-64 and LT-65), Load Case-3 (LT-68 and LT-69), Load
Case-4 (LT-72 and LT-73), and Load Case-5 (LT-76 and LT-77) demonstrates a trapezoidal
shape with increasing pressure on the side of eccentricity, inclination or eccentric-inclined
loading. The trapezoidal shift in pressure towards the side of eccentric or inclined loading is also
present in Loukidis et al. (2008) analysis.

5.2.3 Lateral-to-Axial Ratio of 0.25 with Depth of Embedment Equal to Zero

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to zero. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7ary, in the range of 101.43 Ib/ft3 to 101.59 Ib/ft3 and average relative density, Dy in the
range of 63.32% to 64.16% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.48°
to 32.63°. The model footing was tested at N = 40 G which results in a prototype footing width
and length of 5 feet by 50 feet with the L/B ratio of 10. All eccentric loads were applied at a
distance of B/6 (0.25 inches) from the center of the footing and inclined loads were applied at a
lateral-to-axial ratio of 0.25 (14.0°). The combined eccentric-inclined load test applied the same
geometric loading conditions as the individual parts. The net bearing capacity for each test is
presented in Figures 5.22. All eccentric and eccentric-inclined loading conditions used the
effective width B “to determine the bearing pressure. Listed in Table 5.16 are the internal friction
angles, unit weight, relative density, and net measured bearing capacities with percent

differences to demonstrate repeatability for each test.

123



+10° Pressure Displacement (Load Case-1&2) 10" Pressure Displacement (Load Case-1&3)

20 . 20
1 2 09 1 109
- 108 __ - 3 4108 _
Z1st lor € Z1s} for €
g {06 ® g {06 Tg"
@ 5 @ A
8 10 s 1os @ 810 i 105 8
a 104 E a " 104 i
g 2 Z A 2
= —LC-1.1(LT-58) {03 € = —LC-1.1(LT-58) 03 -
g s - = =LC-1.2(LT-59) loz 8 8 5 - = -LC-1.2(LT-59) lo2 &
——LC-2.1 (LT-62) %Less= 30.1 e LC-3.1 (LT-78) %Less= 82.4
- = =LC-2.2(LT-63) %Less= 34.3 %' - = =LC-3.2 (LT-79) %Less=83.2 1!
0 & A A 0 0 e e A A o
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
A/B A/B
20 +10° Pressure Displacement (Load Case-1&4) 20 10° Pressure Displacement (Load Case-1&5)
1 108 109
P 4 {08 __ - 1 5 108 __
g 15| Loy € B 15} oy €
o = D =
s e 106 g ‘a- 9 106 g
§10 ", 405§ 310 "' s am osﬁ
a " 104 E o ’l 104 E
2 /A 2 & 2
s —LC-1.1(LT-58) {03 € S 1 —LC-1.1(LT-58) 103 €
g st - = =LC-1.2(LT-59) loz 8 3 5 : - = =LC-1.2(LT-59) {02 &
=" ——LC-4.1(LT-82) %Less= 79.9 ——LC-5.1 (LT-86) %Less 39.1
- = =LC-4.2(LT-83) %Less=76.7 |°' - = =LC-5.2 (LT-87) %Less=35.3 17"
o A A A A o o A A A A D
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
A/B A/B

Figure 5.22 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds= 0
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Table 5.16 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.25 and Ds = 0 (MD)

Load | Load Yary Cnet Percent
¢ (deg) 3 | Dr (%) AIB | Measured | Difference

Test Case (Ib/ft°) (0sh) (%)
LT-58 1 3254 | 101.50 | 63.65 | 0.2315 | 13,303 741
LT-59 1 32.61 | 101.58 | 64.08 | 0.2105 | 12,352 '
LT-62 2 3256 | 101.53 | 63.8 | 0.2003 | 10,103 4.05
LT-63 2 32.63 | 101.59 | 64.16 | 0.2313 | 9,702 '
LT-78 3 3251 | 101.47 | 63.53 | 0.0828 | 2,829 9.75
LT-79 3 3255 | 10151 | 63.74 | 0.1011 | 2,566 '
LT-82 4 3248 | 101.43 | 63.32 | 0.0451 | 3,239 141
LT-83 4 3254 | 101.51 | 63.69 | 0.0875 | 3,285 '
LT-86 5 3255 | 101.51 | 63.74 | 0.1548 | 9,143 143
LT-87 5 3254 | 1015 | 63.66 | 0.1576 | 9,275 '

Table 5.17 presents the post-test plan view and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the
ground surface in all cases. Load Case-1 (LT-58 and LT-59) and Load Case-2 (LT-62 and LT-
63) were previously presented in Section 5.3.1 and are shown again for comparison with Load

Cases 3-5 at L/A ratio equal to 0.25.

Table 5.17 Post-test failure surface for lateral-to-axial ratio equal to 0.25 at embedment depth
equal to zero
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Load Case-2 (LT-62)

Load Case-3 (LT-78)
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Load Case-3 (LT-79)

Load Case-4 (LT-82)

Load Case-4 (LT-83)

Load Case-5 (LT-86)
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Load Case-5 (LT-87)

Summary of the post-test images of rupture surfaces:

The observed rupture surface for Load Case-1 (LT-58 and LT-59) shows the maximum depth
and length of the failure surface. Load Case-1 (LT-58 and LT-59) had a failure surface depth
of 3.79 and 4.16 inches and lengths of 8.88 and 8.75 inches. The failure surface ruptured the
top layer of soil on the left side of the footing as the test underwent concentric loading at the
center of the footing.

Load Case-2 (LT-62 and LT-63) had failure surface depth of 2.57 and 2.53 inches with
lengths of 6.43 and 6.72 inches. Load Case-2 applies an eccentric load at a distance of B/6
from the center of the footing.

Load Case-3 (LT-78 and LT-79) had failure surface depth of 2.01 and 1.87 inches with
lengths of 5.16 and 5.40 inches. Both LT-78 and LT-79 observed a failure surface on the
right side of the footing as the footing underwent inclined-eccentric loading (+) to the
direction of the eccentricity.

Load Case-4 (LT-82 and LT-83) had failure surface depth of 2.51 and 2.52 inches with
lengths of 7.69 and 5.89 inches as the footing underwent inclined loading at the center of the
footing.

Load Case-5 (LT-86 and LT-87) had failure surface depth of 3.08 and 3.09 inches with
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lengths of 6.74 and 7.30 inches. Both LT-86 and LT-87 observed a failure surface on the left
side of the footing as the footing underwent inclined-eccentric loading (-) to the direction of
the eccentricity.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 5.23 and 5.24. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were positioned beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-58 and LT-59) demonstrates a non-uniform pressure distribution with
an increasing radial shape towards the center of the footing.

Load Case-2 (LT-62 and LT-63), Load Case-3 (LT-78 and LT-79), Load Case-4 (LT-82
and LT-83), and Load Case-5 (LT-86 and LT-87) demonstrates a trapezoidal shape with
increasing pressure on the side of eccentricity, inclination or eccentric-inclined loading. The
trapezoidal shift in pressure towards the side of eccentric or inclined loading is also present in

Loukidis et al. (2008) analysis.
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Figure 5.23 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds= 0
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Figure 5.24 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds =0
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5.2.4 Lateral-to-Axial Ratio of 0.25 with Depth of Embedment Equal to 0.5B

In this series of tests, the rectangular footing was loaded for Load Cases 1-5 with depth
of embedment equal to 0.5B. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7ary, in the range of 101.44 Ib/ft3 to 101.63 Ib/ft3 and average relative density, Dy in the
range of 63.34% to 64.37% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.48°
to 32.67°. The model footing was tested at N = 40 G which results in a prototype footing width
and length of 5 feet by 50 feet with the L/B ratio of 10. All eccentric loads were applied at a
distance of B/6 (0.25 inches) from the center of the footing and inclined loads were applied at a
lateral-to-axial ratio of 0.25 (14.0°). The combined eccentric-inclined load test applied the same
geometric loading conditions as the individual parts. The net bearing capacity for each test is
presented in Figures 5.25. All eccentric and eccentric-inclined loading conditions used the
effective width B “to determine the bearing pressure. Listed in Table 5.18 are the internal
friction angles, unit weight, relative density, and net measured bearing capacities with percent

differences to demonstrate repeatability for each test.
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Figure 5.25 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds = 0.5B
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Table 5.18 Summary of measured test parameters and results for L/B = 10 with lateral-to-axial
ratio = 0.25 and Dr = 0.5B (MD)

Load | Load Yary Cnet Percent
¢ (deg) 3 | Dr (%) AIB | Measured | Difference
Test Case (Ib/ft°) (0sh) (%)
LT-60 1 3256 | 101.52 | 63.79 | 0.2171 | 17,104 163
LT-61 1 3249 | 101.45 | 63.40 | 0.2042 | 16,827 '
LT-64 2 3258 | 101.54 | 63.88 | 0.2432 | 15,252 1.29
LT-65 2 32.67 | 101.63 | 64.37 | 0.2554 | 15,450 '
LT-80 3 32.64 | 101.61 | 64.24 | 0.106 7,006 119
LT-81 3 3252 | 101.49 | 6359 | 0.1351 | 6,923 '
LT-84 4 32.63 | 101.60 | 64.19 | 0.1112 | 10,828 11.35
LT-85 4 32.61 | 101.58 | 64.06 | 0.1106 | 9,665 '
LT-88 5 3248 | 101.44 | 63.34 | 0.2427 | 12,403 0.26
LT-89 5 3259 | 10155 | 63.92 | 0.2703 | 12,436 '

Table 5.19 presents the post-test plan views and failure surface views of the soil
stratigraphy, which indicate general shear failure did occur. The failure surface ruptured the
ground surface in all cases. Load Case-1 (LT-60 and LT-61) and Load Case-2 (LT-64 and LT-
65) were previously presented in Section 5.3.2 and are shown again for comparison with Load
Cases 3-5 at L/A ratio equal to 0.25.

Table 5.19 Post-test failure surface for lateral-to-axial ratio equal to 0.25 at embedment depth
equal to 0.5B
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Load Case-3 (LT-80)
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Load Case-5 (L T-88)
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Summary of the post-test images of rupture surfaces:

The observed rupture surface for Load Case-1 shows the maximum depth and length of the
failure surface. Load Case-1 (LT-60 and LT-61) had a failure surface depth of 4.92 inches
each and lengths of 9.29 and 9.14 inches. The failure surface ruptured the top layer of soil on
the left side of the footing as the test underwent concentric loading at the center of the
footing.

Load Case-2 (LT-64 and LT-65) had failure surface depth of 3.39 and 2.87 inches with
lengths of 9.51 and 8.33 inches. Load Case-2 applies an eccentric load at a distance of B/6
from the center of the footing.

Load Case-3 (LT-80 and LT-81) had failure surface depth of 2.61 and 2.24 inches with
lengths of 6.06 and 5.64 inches. Both LT-80 and LT-81 observed a failure surface on the
right side of the footing as the footing underwent inclined-eccentric loading (+) to the
direction of the eccentricity.

Load Case-4 (LT-84 and LT-85) had failure surface depth of 2.76 and 2.79 inches with
lengths of 7.75 and 7.96 inches as the footing underwent inclined loading at the center of the

footing.
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e Load Case-5 (LT-88 and LT-89) had failure surface depth of 3.21 and 3.20 inches with
lengths of 9.28 and 8.88 inches. Both LT-88 and LT-89 observed a failure surface on the left
side of the footing as the footing underwent inclined-eccentric loading (-) to the direction of
the eccentricity.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 5.26 and 5.27. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were position beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-60 and LT-61) demonstrates a non-uniform pressure distribution with
an increasing radial shape towards the center of the footing. This pressure profile is consistent
with previous numerical modeling research presented by Loukidis et al. (2008) for sand as
shown in Figure 5.10.

Load Case-2 (LT-64 and LT-65), Load Case-3 (LT-80 and LT-81), Load Case-4 (LT-84
and LT-85), and Load Case-5 (LT-88 and LT-89) demonstrates a trapezoidal shape with
increasing pressure on the side of eccentricity, inclination or eccentric-inclined loading. The
trapezoidal shift in pressure towards the side of eccentric or inclined loading is also present in
Loukidis et al. (2008) analysis.

A summary of the measured test results are presented in Table 5.20 which provides the
load case, relative density, Dy, friction angle, ¢, embedment depth, Dy, L/A ratio, inclination
angle, eccentricity, measured bearing capacity, qu, load and corresponding failure surface

direction, failure surface depth, and failure surface length.
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Figure 5.26 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds = 0.5B
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Figure 5.27 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds = 0.5B

140



Table 5.20 List of load tests on medium dense soil (L/B = 10)

Inclination Qi Logd & Failure | Failure
| L0 | 000 | g |Dilt) | A | Al | e | e | LU S S

(deg) (psf) Direction | (in) (in)
LT-58 1 63.65 32.54 0.00 | 0.00 0.0 0 13,303 J 3.79 8.88
LT-59 1 64.08 32.61 0.00 | 0.00 0.0 0 12,352 de 4.16 8.75
LT-60 1 63.79 32.56 245| 0.00 0.0 0 17,104 d 4.92 9.29
LT-61 1 63.40 32.49 245| 0.00 0.0 0 16,827 d 4.92 9.14
LT-62 2 63.80 32.56 0.00| 0.00 0.0 0.25 10,103 d 2.57 6.43
LT-63 2 64.16 32.63 0.00| 0.00 0.0 0.25 9,702 d 2.53 6.72
LT-64 2 63.88 32.58 245| 0.00 0.0 0.25 15,252 d 3.39 9.51
LT-65 2 64.37 32.67 245| 0.00 0.0 0.25 15,450 = 2.87 8.33
LT-66 3 64.56 32.70 0.00| 0.0 5.7 () 0.25 7,502 v— 2.07 7.44
LT-67 3 64.26 32.65 0.00| 0.0 5.7 () 0.25 7,634 v— 2.09 7.60
LT-68 3 64.23 32.64 245| 0.10 5.7 (+) 0.25 8,880 Y- 2.81 7.98
LT-69 3 63.17 32.45 245 0.10 5.7 (+) 0.25 9,377 v— 2.80 7.73
LT-70 4 64.25 32.65 0.00] 0.10 5.7 0 8,564 Y« 2.55 8.21
LT-71 4 63.27 32.47 0.00] 0.10 5.7 0 9,252 = 3.03 9.69
LT-72 4 63.52 32.51 245 0.10 5.7 0 12,503 Y« 3.31 9.21
LT-73 4 64.03 32.61 245| 0.10 5.7 0 13,221 V< 3.30 9.30
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Table 5.20 (continued)

LT-74 5 64.39 32.67 0.00| 0.10 5.7(9) 0.25 10,918 K 2.54 7.51
LT-75 5 64.08 32.61 0.00| 0.10 5.7(9) 0.25 10,061 K 2.52 7.17
LT-76 5 63.85 32.57 245 0.10 57(9) 0.25 16,390 K< 3.30 8.33
LT-77 5 63.74 32.55 245 ] 0.10 57(9) 0.25 15,130 K< 3.29 9.02
LT-78 3 63.53 3251 0.00] 0.25 14.6 (+) 0.25 2,829 Y- 2.01 5.16
LT-79 3 63.74 32.55 0.00] 0.25 14.6 (+) 0.25 2,566 Y- 1.87 5.40
LT-80 3 64.24 32.64 245 ] 0.25 14.6 (+) 0.25 7,006 Y- 2.61 6.06
LT-81 3 63.59 32.52 245 ] 0.25 14.6 (+) 0.25 6,923 Y- 2.24 5.64
LT-82 4 63.32 32.48 0.00| 0.25 14.6 0 3,239 T 2.51 7.69
LT-83 4 63.39 32.54 0.00| 0.25 14.6 0 3,285 T 2.52 5.89
LT-84 4 64.19 32.63 245 | 0.25 14.6 0 10,828 T 2.76 7.75
LT-85 4 64.06 32.61 245 | 0.25 14.6 0 9,665 T 2.79 7.96
LT-86 5 63.74 32.55 0.00| 0.25 14.6 (-) 0.25 9,143 T 3.08 6.74
LT-87 5 63.66 32.54 0.00| 0.25 14.6 (-) 0.25 9,275 T 3.09 7.30
LT-88 5 63.34 32.48 245 ] 0.25 14.6 (-) 0.25 12,403 T 3.21 9.28
LT-89 5 63.92 32.59 245] 0.25 14.6 (-) 0.25 12,436 T 3.20 8.88

(-) indicates the load is inclined against the direction of eccentricity. (+) indicates the load is inclined in the direction of eccentricity.
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5.3 Conclusions on Rectangular Footing (L/B = 10) Tests

Centrifuge tests of L/B = 10 footings on very dense and medium dense sand were

conducted to investigate the influence of inclined and inclined-eccentric loading on the bearing

capacity when the depth of embedment is zero and 0.5B. For the tests on very dense sand, the

following observations of the bearing capacity are made.

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Ds = 0, the bearing capacity was 53.4% and 81.6%
less than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 54.9% and 68.9% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Ds = 0 the bearing capacity was 25.6% and 64.7% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Dr = 0.5B, the bearing capacity was 21.5% and 55.6% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-5 (eccentric-inclined loading with — load combination (reinforcing) generally
showed less decrease in bearing capacity than Load Cases 3 and 4. When Ds = 0, the bearing
capacity was 21.7% and 36.4% less than the concentrically loaded footing (Load Case-1) for
the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When Dr = 0.5B, the bearing
capacity was 20.1% and 27.6% less than the concentrically loaded footing with Ds = 0.5B

(Load Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.
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Embedment of 0.5B had marked effect on the bearing capacity of all load cases. Bearing
capacity increased by 23.7% for Load Case-2 (eccentric load). Between tests of Load Case-3
(most critical), there was a 41.1% and 90% increase for the lateral-to-axial load ratios of 0.10
and 0.25, respectively. For Load Case-4, there was a 49.3% and 61.3% increase for the
lateral-to-axial load ratios of 0.10 and 0.25, respectively. For Load Case-5, there was a 46.2%

and 56.4% increase for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

For the tests on medium dense sand, the following observations of the bearing capacity are made.

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Ds = 0, the bearing capacity was 41.5% and 79% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When D = 0.5B, the bearing capacity was 46.2% and 58.9% less
than the concentrically loaded footing with Dr = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Ds = 0 the bearing capacity was 30.6% and 72.2% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Dr = 0.5B, the bearing capacity was 24.2% and 39.6% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-5 (eccentric-inclined loading with — load combination (reinforcing) generally
showed less decrease in bearing capacity than Load Cases 3 and 4. When Ds = 0, the bearing
capacity was 18.2% and 28.2% less than the concentrically loaded footing (Load Case-1) for

the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When Ds = 0.5B, the bearing
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capacity was 7.1% and 26.8% less than the concentrically loaded footing with Ds = 0.5B
(Load Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

Embedment of 0.5B had marked effect on the bearing capacity of all load cases. Bearing
capacity increased by 43.1% for Load Case-2 (eccentric load). Between tests of Load Case-3
(most critical), there was a 18.6% and 88% increase for the lateral-to-axial load ratios of 0.10
and 0.25, respectively. For Load Case-4, there was a 36.3% and 100% increase for the
lateral-to-axial load ratios of 0.10 and 0.25, respectively. For Load Case-5, there was a 40.1%

and 29.6% increase for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.
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6.0 SQUARE FOOTING (L/B =1) TESTS

6.1 Model Load Tests — Concentric Loading on Square Footing (L/B = 1) for Very Dense
Condition

Each load case was tested at Ds = 0 and Dr = 0.5B for lateral to axial load ratios of 0.10

and 0.25, and on medium dense and very dense sand. All eccentric loads were applied B/6 from

the centerline of the footing. Replicates of each case were performed to check for experimental

repeatability. A total of 32 tests were performed in this series. Table 6.1 lists the identifiers for

each test with the date, soil condition, load case and footing configuration.

Table 6.1 List of load test for square footings on very dense soil

Name Date Load Rel_ative Embedment Eccentricity Inclinati_on Series
Case | Density (Dr) | Depth (Ds) L/A ratio #
LT-125 | 9/10/19 1 Very Dense 0 0 0 1
LT-126 | 9/12/19 1 Very Dense 0 0 0 2
LT-127 | 9/12/19 1 Very Dense 0 0 0 3
LT-128 | 9/12/19 1 Very Dense 0.5B 0 0 1
LT-129 | 9/14/19 1 Very Dense 0.5B 0 0 2
LT-130 | 9/15/19 2 Very Dense 0 B/6 0 1
LT-131 | 9/15/19 2 Very Dense 0 B/6 0 2
LT-132 | 9/15/19 2 Very Dense 0.5B B/6 0 1
LT-133 | 9/16/19 2 Very Dense 0.5B B/6 0 2
LT-134 | 9/16/19 3 Very Dense 0 B/6 0.10 1
LT-135 | 9/16/19 3 Very Dense 0 B/6 0.10 2
LT-136 | 9/17/19 3 Very Dense 0.5B B/6 0.10 1
LT-137 | 9/17/19 3 Very Dense 0.5B B/6 0.10 2
LT-138 | 9/17/19 4 Very Dense 0 0 0.10 1
LT-139 | 9/18/19 4 Very Dense 0 0 0.10 2
LT-140 | 9/18/19 4 Very Dense 0.5B 0 0.10 1
LT-141 | 9/19/19 4 Very Dense 0.5B 0 0.10 2
LT-142 | 9/19/19 5 Very Dense 0 B/6 0.10 1
LT-143 | 9/19/19 5 Very Dense 0 B/6 0.10 2
LT-144 | 9/19/19 5 Very Dense 0.5B B/6 0.10 1
LT-145 | 9/20/19 5 Very Dense 0.5B B/6 0.10 2
LT-146 | 9/21/19 3 Very Dense 0 B/6 0.25 1
LT-147 | 9/21/19 3 Very Dense 0 B/6 0.25 2
LT-148 | 9/21/19 3 Very Dense 0.5B B/6 0.25 1
LT-149 | 9/21/19 3 Very Dense 0.5B B/6 0.25 2
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Table 6.1 (continued)

LT-150 | 9/22/19 4 Very Dense 0 0 0.25 1
LT-151 | 9/22/19 4 Very Dense 0 0 0.25 2
LT-152 | 9/22/19 4 Very Dense 0.5B 0 0.25 1
LT-153 | 9/22/19 4 Very Dense 0.5B 0 0.25 2
LT-154 | 9/23/19 5 Very Dense 0 B/6 0.25 1
LT-155 | 9/23/19 5 Very Dense 0 B/6 0.25 2
LT-156 | 9/23/19 5 Very Dense 0 B/6 0.25 3
LT-157 | 9/23/19 5 Very Dense 0.5B B/6 0.25 1
LT-158 | 9/24/19 5 Very Dense 0.5B B/6 0.25 2

6.1.1 Lateral-to-Axial Ratio of 0.10 with Depth of Embedment Equal to Zero

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to zero. The A3 sand used in the tests had an average dry unit weight, sary, In
the range of 107.64 Ib/ft® to 108.19 Ib/ft* and average relative density, Dy in the range of 94.16%
t0 96.75% for the top soil layers where the failure surface was observed. The average peak
friction angle from the direct shear test was estimated to be in the range of 38.10° to 38.58°. The
model footing was tested at N = 40 G, which represents a prototype footing length of 5 feet by 5
feet in width with the L/B ratio of 1. All eccentric loads were applied B/6 (0.25 inches) from the
center of the footing and inclined loads were applied at a lateral-to-axial ratio of 0.10 (5.7°). For
the combined eccentric-inclined load tests, the same geometric loading conditions were applied
as the tests of eccentric (Load Case-2) and inclined loads (Load Case-4).

The bearing pressure displacement curves for each test are shown in Figure 6.1. The
bearing capacity of each test is taken as the peak pressure or the pressure at the intercept of the
two linear parts of the curve. All eccentric and eccentric-inclined loading conditions used the
effective width B “to determine the bearing pressure. Listed in Table 6.2 are the internal friction
angles, unit weight, relative density, normalized displacements, and net measured bearing

capacities with percent differences to demonstrate repeatability for each test.
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Figure 6.1 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and D = 0 (VD)
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Table 6.2 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial ratio
=0.1and Ds=0 (VD)

net Percent
I'_I'Oeig Ié(;zg ¢ deq) (Ig(/%) Dr (%) A/B Megsured Difference

(psf) (%)
LT-125 1 38.10 | 107.64 | 94.16| 0.075 24,140 5 90
LT-126 1 38.44 | 108.03 | 9598 | 0.106 24,850 '
LT-130 2 38.19 | 107.74| 9463 | 0.185 22,210 353
LT-131 2 38.58 | 108.19 | 96.75| 0.185 21,440 '
LT-134 3 38.45| 108.05| 96.08 | 0.061 10,955 8.02
LT-135 3 38.50 | 108.10 | 96.31| 0.070 10,110 '
LT-138 4 38.52 | 108.12 96.42 0.117 14,610 145
LT-139 4 38,50 | 108.11| 96.35| 0.129 14,400 '
LT-142 5 3852 | 108.12| 9641 | 0.234 22,140 0.63
LT-143 5 38.48 | 108.09 | 96.24 | 0.236 22,000 '

Table 6.3 is the observed shear failure surface on the soil for all load cases of the L/B =1
footing on the soil surface (D = 0) with inclination ratio = 0.10. The lateral extent of the failure
surfaces are clearly developed for all load cases except Load Case-1. While the general bearing
capacity was achieved in Load Case-1 (concentric load), the full development of a failure surface
would require greater vertical displacement of the footing in order to push up a greater volume of
soil than in the other cases. The observations alone don’t indicate enough about the relative
magnitudes of the bearing capacities between the load cases but may be useful in the analysis for
appropriate factors to be used for predicting behavior under various loads.

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 6.2 and 6.3. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were positioned beneath the footing in sequential order (PS-1 through PS-4) from left to

right at a spacing of 0.36 inches in model scale.
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Table 6.3 Observed failure surfaces of square footings on the surface of very dense soil

Load Case-3 Load Case-4
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Load Case-5

Load Case-5
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Figure 6.2 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds=0
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Figure 6.3 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds =0
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Load Case-1 (LT-125 and LT-126) generally shows more of a uniform pressure
distribution compared with the L/B = 10 tests. The pressure displacement results and the lack of
an observed failure surface at the sand surface indicates that general shear failure was not
obtained for the footing penetrations. The curves suggest local or punching shear failure which
may explain the higher edge pressures when the shear is not mobilized in a square footing
compared to a rectangular footing. Load Case-2 (LT-130 and LT-131), Load Case-3 (LT-134
and LT-135), Load Case-4 (LT-138 and LT-139), and Load Case-5 (LT-142 and LT-143)
demonstrates a trapezoidal shape with increasing pressure on the side of eccentricity, inclination
or eccentric-inclined loading, which was also observed in numerical models by Loukidis et al.

(2008) (Figure 6.4).
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Figure 6.4 Pressure distributions from numerical models of eccentrically loaded footing on
granular soil (Loukidis et al., 2008)
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6.1.2 Lateral-to-Axial Ratio of 0.10 with Depth of Embedment Equal to 0.5B

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to 0.5B. The AASHTO A3 soil used in the tests had an average dry unit
weight, iy, in the range of 107.90 Ib/ft® to 108.22 Ib/ft* and average relative density, Dy in the
range of 95.37% to 96.87% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 38.33°
to 38.60°. The model footing was tested at N = 40 G, which equates to a prototype footing length
of 5 feet by 5 feet in width with the L/B ratio of 1 and embedment depth equal to 0.5B. All
eccentric loads were applied B/6 (0.25 inches) from the center of the footing and inclined loads
were applied at a lateral-to-axial ratio of 0.10 (5.7°). The combined eccentric-inclined load test
applied the same geometric loading conditions as the individual parts.

The net bearing capacity for each test are presented in Figure 6.5. All eccentric and
eccentric-inclined loading conditions used the effective width B “to determine the bearing
pressure. Listed in Table 6.4 are the internal friction angles, unit weight, relative density, and net

measured bearing capacities with percent differences to demonstrate repeatability for each test.
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Table 6.4 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial ratio
=0.1and D= 0B (VD)

Load | Load Yary Cnet Percent
¢ deg) 3 | Dr (%) AIB Measured | Difference

Test Case (Ib/ft°) (0sf) (%)
LT-128 1 38.43 | 108.03| 9597 | 0.207 47,712 3.80
LT-129 1 38.33 | 107.90 | 95.37 | 0.205 45,933 '
LT-132 2 38.49 | 108.09| 96.26| 0.189 38,922 0.90
LT-133 2 38.43 | 108.02 | 95.95| 0.194 38,572 '
LT-136 3 38,51 | 108.11| 96.37| 0.128 24,242 0.29
LT-137 3 38.49 | 108.10 | 96.30| 0.121 24,312 '
LT-140 4 38.60 | 108.22 | 96.87 | 0.185 30,084 2 65
LT-141 4 3851 | 108.12| 96.39| 0.191 29,297 '
LT-144 5 3851 | 108.11| 96.36| 0.149 38,857 13.48
LT-145 5 38,55 | 108.17 | 96.63| 0.191 44,472 '

The bearing pressure distribution measured for each load test is shown in Figures 6.6 and
6.7. The loading position and orientation is displayed in each plot to illustrate how the pressure
distribution is developed. Load Case-1 (LT-128 and LT-129) generally shows more of a uniform
pressure distribution compared with the L/B = 10 tests. The pressure displacement results and the
lack of an observed failure surface at the sand surface indicates that general shear failure was not
obtained for the footing penetrations. The curves suggest local or punching shear failure which
may explain the higher edge pressures when the shear is not mobilized in a square footing
compared to a rectangular footing. Load Case-2 (LT-132 and LT-133), Load Case-3 (LT-136
and LT-137), Load Case-4 (LT-140 and LT-141), and Load Case-5 (LT-144 and LT-145)
demonstrates a trapezoidal shape with increasing pressure on the side of eccentricity, inclination
or eccentric-inclined loading, which was also observed in numerical models by Loukidis et al.

(2008) (Figure 6.4).
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Figure 6.6 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds = 0.5B
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6.1.3 Lateral-to-Axial Ratio of 0.25 with Depth of Embedment Equal to Zero

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to zero. The A3 sand used in the tests had an average dry unit weight, sry, In
the range of 107.64 Ib/ft3 to 108.19 Ib/ft® and average relative density, Dy in the range of 94.16%
to 96.75% for the top soil layers where the failure surface was observed. The average peak
friction angle from the direct shear test was estimated to be in the range of 38.10° to 38.58°. The
model footing was tested at N = 40 G, which represents a prototype footing length of 5 feet by 5
feet in width with the L/B ratio of 1 and embedment depth equal to zero. All eccentric loads were
applied B/6 (0.25 inches) from the center of the footing and inclined loads were applied at a
lateral-to-axial ratio of 0.25 (14.0°).

The net bearing capacity for each test is shown in presented in Figures 6.8. All eccentric
and eccentric-inclined loading conditions used the effective width B “to determine the bearing
pressure. Listed in Table 6.5 are the internal friction angles, unit weight, relative density, and net

measured bearing capacities with percent differences to demonstrate repeatability for each test.

Table 6.5 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial ratio
=0.25 and Ds =0 (VD)

Load | Load Vary Onet Percent
¢ (deg) 3 | Dr (%) AIB Measured | Difference

Test Case (Ib/ft°) (0sf) (%)
LT-125 1 38.10 | 107.64 | 94.16 | 0.075 24,140 590
LT-126 1 38.44 | 108.03| 95.98| 0.106 24,850 '
LT-130 2 38.19 | 107.74| 94.63| 0.185 22,210 353
LT-131 2 38.58 | 108.19| 96.75| 0.185 21,440 '
LT-146 3 38.51| 108.12| 96.40| 0.093 8,575 733
LT-147 3 38.52 | 108.13| 96.44| 0.091 9,227 '
LT-150 4 38.45| 108.05| 96.06 | 0.067 10,127 8.99
LT-151 4 38.44 | 108.04| 96.02| 0.084 11,080 '
LT-154 5 3851 | 108.12| 96.40| 0.181 17,918 021
LT-155 5 3850 | 108.11| 96.35| 0.186 17,881 '
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Figure 6.8 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds = 0 (VD)
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The bearing pressure distribution measured for each load test is shown in Figures 6.9 and
6.10. The loading position and orientation is displayed in each plot to illustrate how the pressure
distribution is developed. Load Case-1 (LT-125 and LT-126) generally shows more of a uniform
pressure distribution compared with the L/B = 10 tests. The pressure displacement results and the
lack of an observed failure surface at the sand surface indicates that general shear failure was not
obtained for the footing penetrations. The curves suggest local or punching shear failure which
may explain the higher edge pressures when the shear is not mobilized in a square footing
compared to a rectangular footing. Load Case-2 (LT-130 and LT-131), Load Case-3 (LT-146
and LT-147), Load Case-4 (LT-150 and LT-151), and Load Case-5 (LT-154 and LT-155)
demonstrates a trapezoidal shape with increasing pressure on the side of eccentricity, inclination
or eccentric-inclined loading, which was also observed in numerical models by Loukidis et al.

(2008) (Figure 6.4).

162



Bearing Pressure (psf)

«10%Load Case-1.1(LT-125)

Concentric
: PS1
Resultant — pgo
=——PS8
—PS4
0 20 40 60
B (in)

«10°Load Case-4.1(LT-150)

Inclined

%
&
g
3 -10
(%]
o
o
o -20
= - PS1
B -30 Resultant — pgo
M
—PS3
-40 ——PS4
0 20 40 60
B (in)

Bearing Pressure (psf)

Bearing Pressure (psf)

«10°%Load Case-2.1(LT-130)

Eccentric
-10
-20
PS1
-30 PS2 Resijltant
———PS3
-40 1 ——PS4
0 20 40
B (in)

«10°Load Case-5.1(LT-154)

60

Eccentric-Inclined

-10
-20
PS1 :
301 ——ps2 Resultant
—PS3
-40 1 —— PS4
0 20 40
B (in)

60

Bearing Pressure (psf)

«10° Load Case-3.1(LT-146)

Eccentric-Inclined

°
Rest.JItant
PS1
— P82
=P83
——PS4
20 40 60
B (in)
1 B
3 4 5
» %
l B/6-
T 3
' cL
| B o

Figure 6.9 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds =0

163



%

.

9 .

3 -10 I

[%2])

2

o

> 20 l

£ = PS1

3 -30 Resultant — pgp

@ ——PS3
-40 ——PS4

0 20 40 60
B (in)

«10° Load Case-1.2(LT-126)

Concentric

«10° Load Case-4.2(LT-151)

Inclined

%

o

o

3 -10 %

Z '

o -20 z

2

£ f PS1

3 -30 Resultant _—_pgo

€ ——Ps3
40 —— PS4

0 20 40 60
B (in)

«103Load Case-2.2(LT-131)

Eccentric
%
a
o
3 -10
[%2]
o
&30
2
= PS1
-30 i
3 ps2 Resultant
—PS3
40+ ——PS4
0 20 40 60
B (in)

«10°Load Case-5.2(LT-155)

Eccentric-Inclined

%
=
g
7 -10
[72)
o
Q--220
[@)]
£ PS1 :
$-30f ——ps2 Resultant
= ——PS3

40} —— PS4

0 20 40 60
B=60" B(in

Bearing Pressure (psf)

«10%Load Case-3.2(LT-147)

Eccentric-Inclined

Resdltant
PS1
—PS2
—PS3
——PSs4
0 20 40 60
B (in)
1T 2
3 4 5
: _ ("I"b/ 3
= 4 ‘ -
‘ B/6-
H !
l
|
CcL
[ B -

Figure 6.10 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds= 0
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6.1.4 Lateral-to-Axial Ratio of 0.25 with Depth of Embedment Equal to 0.5B

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to 0.5B. The AASHTO A3 soil used in the tests had an average dry unit
weight, iy, in the range of 107.90 Ib/ft® to 108.17 Ib/ft® and average relative density, Dy in the
range of 95.37% to 96.64% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 38.33°
to 38.56°. The model footing was tested at N = 40 G, which represents a prototype footing length
of 5 feet by 5 feet in width (L/B = 1) and embedment depth equal to 0.5B. All eccentric loads
were applied B/6 (0.25 inches) from the center of the footing and inclined loads were applied at a
lateral-to-axial ratio of 0.25 (14.0°).

The net bearing capacity for each test are presented in Figures 6.11. All eccentric and
eccentric-inclined loading conditions used the effective width B “to determine the bearing
pressure. Listed in Table 6.6 are the internal friction angles, unit weight, relative density, and net
measured bearing capacities with percent differences to demonstrate repeatability for each test.

Table 6.6 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial ratio
=0.25 and Df = 0.5B (VD)

net Percent
I'_I%Z? I&Zig ¢ (deg) ( g%\g) Dr (%) AIB Megsured Difference

(psf) (%)
LT-128 1 38.43 | 108.03| 9597 | 0.207 47,712 3.80
LT-129 1 38.33 | 107.90| 95.37| 0.205 45,933 '
LT-132 2 38.49 | 108.09| 96.26 | 0.189 38,922 0.90
LT-133 2 38.43 | 108.02 | 9595| 0.194 38,572 '
LT-148 3 3850 | 108.11| 96.35| 0.096 17,193 5 30
LT-149 3 38,51 | 108.12| 96.39| 0.109 17,593 '
LT-152 4 38.52 | 108.12| 96.42| 0.096 20,120 717
LT-153 4 38.44 | 108.03| 9598 | 0.095 18,729 '
LT-157 5 38.56 | 108.17 | 96.64 | 0.264 37,767 401
LT-158 5 38.40| 107.99| 95.79| 0.256 36,284 '
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Figure 6.11 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds = 0.5B (VD)



The bearing pressure distribution measured for each load test is shown in Figures 6.12
and 6.13. The loading position and orientation is displayed in each plot to illustrate how the
pressure distribution is developed. Load Case-1 (LT-128 and LT-129) generally shows more of a
uniform pressure distribution compared with the L/B = 10 tests. The pressure displacement
results and the lack of an observed failure surface at the sand surface indicates that general shear
failure was not obtained for the footing penetrations. The curves suggest local or punching shear
failure which may explain the higher edge pressures when the shear is not mobilized in a square
footing compared to a rectangular footing. Load Case-2 (LT-132 and LT-133), Load Case-3 (LT-
148 and LT-149), Load Case-4 (LT-152 and LT-153), and Load Case-5 (LT-157 and LT-158)
demonstrates a trapezoidal shape with increasing pressure on the side of eccentricity, inclination
or eccentric-inclined loading, which was also observed in numerical models by Loukidis et al.

(2008) (Figure 6.4).
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Figure 6.12 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds = 0.5B
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6.1.5 Lateral-to-Axial Ratio of 0.10 & 0.25 with Depth of Embedment Equal to B

In this series of tests, the square footing was loaded for Load Case-3 with L/A =0.10 &
0.25 and Load Case-4 with L/A = 0.25 with depth of embedment equal to B. These load cases
were determined to be the most critical scenarios for bearing capacity reductions. The AASHTO
A3 s0il used in the tests had an average dry unit weight, sy, in the range of 107.74 Ib/ft3 to
107.85 Ib/ft® and average relative density, Dr in the range of 94.63% to 95.16% for the top soil
layers where the failure surface was observed. The average peak friction angle from the direct
shear test was estimated to be in the range of 38.19° to 38.29°. The model footing was tested at
N =40 G, which represents a prototype footing length of 5 feet by 5 feet in width (L/B = 1) and
embedment depth equal to the footing width, B. All eccentric loads were applied B/6 (0.25
inches) from the center of the footing and inclined loads were applied at a lateral-to-axial ratio of
0.25 (14.0°).

The net bearing capacity for each test are presented in Figure 6.14. All eccentric and
eccentric-inclined loading conditions used the effective width B “to determine the bearing
pressure. Listed in Table 6.7 are the internal friction angles, unit weight, relative density, and net
measured bearing capacities with percent differences to demonstrate repeatability for each test.

Table 6.7 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial ratio
= 0.1 and 0.25 with Ds = B (VD)

Load Load Yoy Qnet Percent
¢ (deg) s | Dr (%) AIB Measured | Difference

Test Case (Ib/ft°) (psf) (%)
LT-180 3 38.21 | 107.76 | 94.72| 0.170 35,750 1.94
LT-181 3 38.19 | 107.74| 9463 | 0.176 35,060 '
LT-182 3 38.27 | 107.83| 95.07| 0.199 39,400 153
LT-183 3 38.29 | 107.85| 95.16| 0.222 38,800 '
LT-184 4 38.25| 107.81| 9495| 0.194 42,490 132
LT-185 4 38.28 | 107.84| 95.11| 0.228 41,930 '

170



«10°%(Load Case-3, L/A=0.25)

i x10°(Load Case-3, L/A=0.10)

. «10%Load Case-4 , L/A=0.25)

Bearing Pressure (psf)

45 T
da -2 12
40
418 18 118
35
~16 ~16 416
30 s
114 d 114 14
gg ,"\ g\g} i
25 q1.2 E%’ 25+ q 412 E’g 25 A s
72 32
89 g9
41 o 41 € 11
20 2220 2220 Al
=e =
© © © @
O @ R )] 4
—08 OM —08 OM / 08
15 15 181 R
o6 o6 o6
10 10 | 10k i
0.4 0.4 04
5 D= 51
0.2 0.2 0.2
——LC-3.25.1 (LT-180) : ~——LC-3.10.1 (LT-182) ——LC-4.25.1 (LT-184)
-==LC-3.25.2 (LT-181) - = ~LC-3.10.2 (LT-183) - ==LC-4.25.2 (LT-185)
0 1 ] 0 0 1 | 0 0 1 1 0
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
A/B A/B A/B
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The bearing pressure distribution measured for each load test is shown in Figure 6.15.
The loading position and orientation is displayed in each plot to illustrate how the pressure
distribution is developed. Load Case-3 with L/A = 0.25 (LT-180 and LT-181) demonstrates a
trapezoidal shape with increasing pressure on the side of eccentric-inclined loading. Load Case-3
with L/A = 0.10 and Load Case-4 with L/A = 0.25 have similar pressure distribution shapes with
the highest pressure located at PS-2. Load Case-3 with L/A = 0.25 reports the lowest bearing
pressures as expected followed by Load Case-3 with L/A =0.10, then Load Case-4 with L/A =

0.25.
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6.2 Model Load Tests on Square Footing (L/B = 1) for Medium Dense Condition

Each load case was tested at two separate embedment depths (Ds = 0 and Ds = 0.5B) for

lateral-to-axial ratios of 0.10 and 0.25 for two relative density conditions (medium dense and

very dense). All eccentric loads were applied B/6 from centerline of the footing. Replicates of

each case were performed to check for experimental repeatability. Table 6.8 lists the identifiers

for each test with the date, soil condition, load case and footing configuration.

Table 6.8 List of load test for square footings on medium dense soil

Name Date Ié(;ig Density (Dy) %n;gfﬁ ngt Eccentricity Iﬂixnf;t'%n Se;es
LT-91 | 8/28/19 1 Medium Dense 0 0 0 1
LT-92 | 8/29/19 1 Medium Dense 0 0 0 2
LT-93 | 8/29/19 1 Medium Dense 0 0 0 3
LT-94 | 8/29/19 1 Medium Dense 0.5B 0 0 1
LT-95 | 8/30/19 1 Medium Dense 0.5B 0 0 2
LT-96 | 8/30/19 2 Medium Dense 0 B/6 0 1
LT-97 | 9/01/19 2 Medium Dense 0 B/6 0 2
LT-98 | 9/01/19 2 Medium Dense 0.5B B/6 0 1
LT-99 | 9/02/19 2 Medium Dense 0.5B B/6 0 2
LT-100 | 9/02/19 3 Medium Dense 0 B/6 0.10 1
LT-101 | 9/02/19 3 Medium Dense 0 B/6 0.10 2
LT-102 | 9/02/19 3 Medium Dense 0.5B B/6 0.10 1
LT-103 | 9/03/19 3 Medium Dense 0.5B B/6 0.10 2
LT-104 | 9/03/19 4 Medium Dense 0 0 0.10 1
LT-105 | 9/03/19 4 Medium Dense 0 0 0.10 2
LT-106 | 9/03/19 4 Medium Dense 0 0 0.10 3
LT-107 | 9/03/19 4 Medium Dense 0.5B 0 0.10 1
LT-108 | 9/04/19 4 Medium Dense 0.5B 0 0.10 2
LT-109 | 9/04/19 5 Medium Dense 0 B/6 0.10 1
LT-110 | 9/04/19 5 Medium Dense 0 B/6 0.10 2
LT-111 | 9/05/19 5 Medium Dense 0.5B B/6 0.10 1
LT-112 | 9/05/19 5 Medium Dense 0.5B B/6 0.10 2
LT-113 | 9/06/19 3 Medium Dense 0 B/6 0.25 1
LT-114 | 9/06/19 3 Medium Dense 0 B/6 0.25 2
LT-115 | 9/06/19 3 Medium Dense 0.5B B/6 0.25 1
LT-116 | 9/06/19 3 Medium Dense 0.5B B/6 0.25 2
LT-117 | 9/07/19 4 Medium Dense 0 0 0.25 1
LT-118 | 9/07/19 4 Medium Dense 0 0 0.25 2
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Table 6.8 (continued)

LT-119 | 9/07/19 4 Medium Dense 0.5B 0 0.25 1
LT-120 | 9/07/19 4 Medium Dense 0.5B 0 0.25 2
LT-121 | 9/08/19 5 Medium Dense 0 B/6 0.25 1
LT-122 | 9/09/19 5 Medium Dense 0 B/6 0.25 2
LT-123 | 9/09/19 5 Medium Dense 0.5B B/6 0.25 1
LT-124 | 9/10/19 5 Medium Dense 0.5B B/6 0.25 2

6.2.1 Lateral-to-Axial Ratios of 0.10 with Depth of Embedment Equal to Zero

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to zero. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7ary, in the range of 101.39 Ib/ft3 to 101.57 Ib/ft3 and average relative density, Dy in the
range of 63.09% to 64.02% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.43°
to 32.60°. The model footing was tested at N = 40 G, which equates to a prototype footing length
of 5 feet by 5 feet in width with the L/B ratio of 1. All eccentric loads were applied B/6 (0.25
inches) from the center of the footing and inclined loads were applied at a lateral-to-axial ratio of
0.10 (5.7°). The combined eccentric-inclined load test applied the same geometric loading
conditions as the individual parts.

The net bearing capacity for each test is presented in Figure 6.15. All eccentric and
eccentric-inclined loading conditions used the effective width B “to determine the bearing
pressure.

Listed in Table 6.9 are the internal friction angles, unit weight, relative density, and net

measured bearing capacities with percent differences to demonstrate repeatability for each test.
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Figure 6.15 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and D¢ = 0 (MD)
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Table 6.9 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial ratio
=0.1and Ds=0 (MD)

net Percent

I__I_oez(tj I&Z‘ZS ¢ deq) (|g/dfr{3) Dr (%) | A/B Megsured Difference

(psf) (%)
LT-91 1 32.48 | 101.44 | 63.33 | 0.138 12,875 0.97
LT-93 1 3255 | 101.50 | 63.67 | 0.111 13,000 '
LT-96 2 32.43 | 101.39 | 63.09 | 0.164 11,600 383
LT-97 2 3258 | 101.54 | 63.90 | 0.223 11,164 '
LT-161 3 32.53 | 101.48 | 63.56 | 0.084 8,618 5 38
LT-162 3 32,51 | 101.47 | 63.52 | 0.098 8,870 '
LT-105 4 3250 | 101.46 | 63.46 | 0.070 7,732 6.06
LT-106 4 3255 | 101.51 | 63.71 0.076 7,277 '
LT-109 5 32.65 | 101.61 | 64.25 | 0.141 10,570 0.09
LT-110 5 32.6 | 101.57 | 64.02 | 0.140 10,580 '

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 6.16 and 6.17. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were position beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-91 and LT-93) generally shows more of a uniform pressure distribution
compared with the L/B = 10 tests. The pressure displacement results and the lack of an observed
failure surface at the sand surface indicates that general shear failure was not obtained for the
footing penetrations. The curves suggest local or punching shear failure which may explain the
higher edge pressures when the shear is not mobilized in a square footing compared to a
rectangular footing. Load Case-2 (LT-96 and LT-97), Load Case-3 (LT-161 and LT-162), Load
Case-4 (LT-105 and LT-106), and Load Case-5 (LT-109 and LT-110) demonstrates a trapezoidal
shape with increasing pressure on the side of eccentricity, inclination or eccentric-inclined

loading, which was also observed in numerical models by Loukidis et al. (2008) (Figure 6.4).
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Figure 6.16 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and D=0

177



Bearing Pressure (psf)

Bearing Pressure (psf)
S

% 10° Load Case-1.2(LT-93)

Concentric

: PS1
Resultant a2
—PS3
—PS4
0 20 40 60
B (in)

«10° Load Case-4.2(LT-106)

/ Inclined

-10
-20 PS1
Resultant Pea
—PS3
-30 ——Ps4
0 20 40 60
B (in)

[N}
o

&
S

o

Bearing Pressure (psf)
>

o

Bearing Pressure (psf)
>

«10° Load Case-2.2(LT-97)

Eccentric

Res[:ltant

PS1
——PS2
=—P83
—— PS4
0 20 40
B (in)

«10° Load Case-5.2(LT-110)

60

Eccentric-Inclined

Resultant

PS1
——PS2
——Ps3
——Ps4
0 20 40
B (in)

60

Bearing Pressure (psf)

o

N
S)

N
o

&
S

«10° Load Case-3.2(LT-162)

Eccentric-Inclined

Res:JItant
PS1
——PS82
—PS3
—PS4
20 40 60
B (in)
1 2
345
~o
A
| o
[

Figure 6.17 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and D=0
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Load Case-4 (LT-105 and LT-106) demonstrate a non-uniform pressure distribution with
an increasing radial shape towards the center of the footing similar to Load Case-1.
Similar to the results presented in the pressure displacement plots, Load Case-1 reports the
highest bearing pressure and Load Case-3 reports the lowest bearing pressures. Comparing Load
Case-3 and Load Case-5, the latter shows an increase in bearing pressure over Load Case-3.

6.2.2 Lateral-to-Axial Ratios of 0.10 with Depth of Embedment Equal to 0.5B

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to 0.5B. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7ary, in the range of 101.45 Ib/ft3 to 101.58 Ib/ft3 and average relative density, Dy in the
range of 63.38% to 64.11% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.49°
to 32.62°. The model footing was tested at N = 40 G, which equates to a prototype footing length
of 5 feet by 5 feet in width with the L/B ratio of 1 and embedment depth equal to 0.5B. All
eccentric loads were applied at a distance of B/6 (0.25 inches) from the center of the footing and
inclined loads were applied at a lateral-to-axial ratio of 0.10 (5.7°). The combined eccentric-
inclined load test applied the same geometric loading conditions as the individual parts. The net
bearing capacity for each test are presented in Figure 6.18. All eccentric and eccentric-inclined

loading conditions used the effective width B “to determine the bearing pressure.
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Figure 6.18 Net bearing pressure vs. displacement for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Dr = 0.5B (MD)
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Listed in Table 6.10 are the internal friction angles, unit weight, relative density, and net
measured bearing capacities with percent differences to demonstrate repeatability for each test.

Table 6.10 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial
ratio = 0.1 and Df = 0.5B (MD)

(net Percent
I__I_oez(tj I&Z‘ZS ¢ (deg) (|g/dfr{3) Dr (%) | A/B Measured | Difference

(psf) (%)
LT-94 1 32.60 | 101.56 | 64.00 0.090 19,670 5 57
LT-95 1 32.60 | 101.52 | 63.77 0.083 19,170 '
LT-98 2 32.49 | 101.45 | 63.38 0.139 18,421 416
LT-99 2 32.52 | 101.48 | 63.56 0.117 17,671 '
LT-102 3 32.57 | 101.53 | 63.81 0.099 10,861 6.07
LT-103 3 32.62 | 101.58 | 64.11 0.092 10,221 '
LT-107 4 32.62 | 101.58 | 64.09 0.083 16,871 331
LT-108 4 32.61 | 101.57 | 64.03 0.069 16,321 '
LT-111 5 32.61 | 101.56 64 0.093 18,221 110
LT-112 5 32.51 | 101.47 | 63.52 0.118 18,021 '

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 6.19 and 6.20. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were position beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-94 and LT-95) generally shows more of a uniform pressure distribution
compared with the L/B = 10 tests. The pressure displacement results and the lack of an observed
failure surface at the sand surface indicates that general shear failure was not obtained for the
footing penetrations. The curves suggest local or punching shear failure which may explain the
higher edge pressures when the shear is not mobilized in a square footing compared to a

rectangular footing.
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Figure 6.19 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds = 0.5B
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Figure 6.20 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.1 and Ds = 0.5B
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Load Case-2 (LT-98 and LT-99), Load Case-3 (LT-102 and LT-103), and Load Case-5
(LT-111 and LT-112) demonstrate a trapezoidal shape while Load Case-4 (LT-107 and LT-108)
is a non-uniform distribution, although each shows the effect of increasing pressure on the side
of eccentricity, inclination or eccentric-inclined loading, which was also observed in numerical
models by Loukidis et al. (2008) (Figure 6.4).

6.2.3 Lateral-to-Axial Ratios of 0.25 with Depth of Embedment Equal to Zero

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to zero. The AASHTO A3 soil used in the tests had an average dry unit
weight, iy, in the range of 101.39 Ib/ft® to 101.63 Ib/ft® and average relative density, Dy in the
range of 63.09% to 64.36% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.43°
to 32.67°. The model footing was tested at N = 40 G, which equates to a prototype footing length
of 5 feet by 5 feet in width with the L/B ratio of 1 and embedment depth equal to zero. All
eccentric loads were applied B/6 (0.25 inches) from the center of the footing and inclined loads
were applied at a lateral-to-axial ratio of 0.25 (14.0°). The combined eccentric-inclined load tests
applied the same geometric loading conditions as the individual parts. The net bearing capacity

for each test are presented in Figure 6.21.
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Figure 6.21 Net bearing pressure vs. displacement for Load Case-1 to Load Case-5 with lateral-to-axial ratio = 0.25 and Ds = 0 (MD)

185



All eccentric and eccentric-inclined loading conditions used the effective width B’to
determine the bearing pressure. Listed in Table 6.11 are the internal friction angles, unit weight,
relative density, and net measured bearing capacities with percent differences to demonstrate
repeatability for each test.

Table 6.11 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial

ratio = 0.25 and Ds = 0 (MD)

Load Load Yoy Qnet Percent
¢ deg) 3 | Dr (%) A/B Measured | Difference

Test Case (Ib/ft°) (psf) (%)
LT-91 1 32.48 | 101.44 | 63.33 | 0.138 12,875 0.97
LT-93 1 3255 | 101.50 | 63.67 | 0.1112 13,000 '
LT-96 2 32.43 | 101.39 | 63.09 | 0.164 11,600 383
LT-97 2 32,58 | 101.54 | 63.90 0.22 11,164 '
LT-159 3 32.56 | 101.52 | 63.79 0.07 3,825 15.77
LT-163 3 3257 | 10153 | 63.84 | 0.061 4,480 '
LT-117 4 32.67 | 101.63 | 64.36 | 0.093 5,165 9.00
LT-118 4 32,62 | 10158 | 64.1 0.068 4,720 '
LT-121 5 32.53 | 101.49 | 63.61 | 0.143 10,054 5 50
LT-122 5 3251 | 101.49 | 63.63 | 0.163 10,309 '

The bearing pressure distribution observed by the miniature pressure transducers is

presented for each load test in Figures 6.22 and 6.23. The loading position and orientation is
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were positioned beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-91 and LT-93) generally shows more of a uniform pressure distribution
compared with the L/B = 10 tests. The pressure displacement results and the lack of an observed
failure surface at the sand surface indicates that general shear failure was not obtained for the
footing penetrations. The curves suggest local or punching shear failure which may explain the

higher edge pressures when the shear is not mobilized in a square footing compared to a
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rectangular footing. Load Case-2 (LT-96 and LT-97), Load Case-3 (LT-159 and LT-163), Load
Case-4 (LT-117 and LT-118), and Load Case-5 (LT-121 and LT-122) demonstrate a trapezoidal
shape with increasing pressure on the side of eccentricity, inclination or eccentric-inclined

loading, which was also observed in numerical models by Loukidis et al. (2008) (Figure 6.4).
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Figure 6.22 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds =0
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Figure 6.23 Bearing pressure distribution for Load Cases 1-5 with lateral-to-axial ratio = 0.25 and Ds = 0
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6.2.4 Lateral-to-Axial Ratios of 0.25 with Dept of Embedment Equal to 0.5B

In this series of tests, the square footing was loaded for Load Cases 1-5 with depth of
embedment equal to 0.5B. The AASHTO A3 soil used in the tests had an average dry unit
weight, 7ary, in the range of 101.45 Ib/ft3 to 101.56 Ib/ft3 and average relative density, Dy in the
range of 63.38% to 64.00% for the top soil layers where the failure surface was observed. The
average peak friction angle from the direct shear test was estimated to be in the range of 32.49°
to 32.60°. The model footing was tested at N = 40 G, which equates to a prototype footing length
of 5 feet by 5 feet in width with the L/B ratio of 1 and embedment depth equal to zero. All
eccentric loads were applied at a distance of B/6 (0.25 inches) from the center of the footing and
inclined loads were applied at a lateral-to-axial ratio of 0.25 (14.0°). The combined eccentric-
inclined load test applied the same geometric loading conditions as the individual parts. The net
bearing capacity for each test is presented in Figure 6.24. All eccentric and eccentric-inclined
loading conditions used the effective width B “to determine the bearing pressure. Listed in Table
6.12 are the internal friction angles, unit weight, relative density, and net measured bearing

capacities with percent differences to demonstrate repeatability for each test.

190



& &

Bearing Pressure (psf)

L= ¢ ]

N
w

Bearing Pressure (psf)
B

w

.10° Pressure Displacement (Load Case-1&2)

a 8 B

-h
o

- -
~ e

" A
o -
i

Bearing Pressure (MPa)

=l
a

—LC-1.1(LT-94)
= ==LC-1.2(LT-95)
—LC-2.1 (LT-98) %less= 1.2 |
== =LC-2.2(LT-99) %Less=-2.8

i
=3
IS

=
~

L

=

0.1 0.2 0.4

A/B

0.3

e
3]

10° Pressure Displacement (Load Case-184)

g 8

ey
o,

-
o

k

Bearing Pressure (MPa)

—LC-1.1(LT-94)
- ==LC-1.2(LT-95)
—LC-4.1 (LT-119) %Less=476 |
===LC4.2(LT-120) %Less= 48.6

0

04 0.5

0.1

0.2
AlB

0.3

+10° Pressure Displacement (Load Case-1&3)

% 118
1
| 114
% 3
S5t J/ 112
o
% m . m |
& 15+ 038
| ——LC-1.1(LT-94) -
§ - = =LC-1.2(LT-95) 04
5} ~—LC-3.1(LT-160) %Less= 56.6 |
- = =LC-3.2 (LT-164) %Less= §5.1
0 A s A A 0
0 0.1 0.2 0.3 0.4 0.5
AB

- 10 Pressure Displacement (Load Case-1&5)

& 8

Bearing Pressure (psf)
38

w

(MD)

191

—
o,
v

-
o

114

i
o -
w

Bearing Pressure (MPa)

——LC-1.1(LT-94)
=-==LC-1.2(LT-95)

——LC-5.1 (LT-123) %lLess= 5.7 |
= ==LC-52(LT-124) %lLess= 6.5

0

0.2 0.3 0.4 0.5
A/B

0.1

Bearing Pressure (MPa)

Figure 6.24 Net bearing pressure vs. displacement for Load Case-1 to Load Case-5 with lateral-to-axial ratio = 0.25 and Ds = 0.5B



Table 6.12 Summary of measured test parameters and results for L/B = 1 with lateral-to-axial
ratio = 0.25 and Ds = 0.5B (MD)

Onet Percent
I'_I'%i? I&Zig ¢ (deg) (Ig/dﬁ’g) Dr (%) | A/B | Measured | Difference

(psf) (%)
LT-94 1 32.60 | 101.56 | 64.00 0.09 19,670 5 57
LT-95 1 32.60 | 101.52 | 63.77 0.08 19,170 '
LT-98 2 32.49 | 101.45 | 63.38 0.139 18,421 416
LT-99 2 3252 | 101.48 | 63.56 0.117 17,671 '
LT-115 3 3250 | 101.46 | 63.43 0.104 11,081 518
LT-116 3 32.52 | 101.45 | 63.43 0.119 10,521 '
LT-119 4 32.54 | 101.50 | 63.69 0.129 13,782 158
LT-120 4 32.52 | 101.49 | 63.59 0.134 14,002 '
LT-123 5 32.55 | 101.51 | 63.72 0.163 17,822 0.55
LT-124 5 32.58 | 101.54 | 63.87 0.158 17,921 '

The bearing pressure distribution observed by the miniature pressure transducers is
presented for each load test in Figures 6.25 and 6.26. The loading position and orientation are
displayed in each plot to illustrate how the pressure distribution is developed. The pressure
sensors were positioned beneath the footing in sequential order (PS-1 through PS-4) from left to
right at a spacing of 0.36 inches in model scale as previously stated.

Load Case-1 (LT-94 and LT-95) generally shows more of a uniform pressure distribution
compared with the L/B = 10 tests and for some test’s higher pressures at the outside edges (LT-
95 shows non-uniform distribution thought to be due to possible arching in the sand). The
pressure displacement results and the lack of an observed failure surface at the sand surface
suggests that general shear failure was not obtained for the footing penetrations. The curves
suggest local or punching shear failure which may explain the higher edge pressures when the
shear is not mobilized in a square footing compared to a rectangular footing. Load Case-2 (LT-
98 and LT-99), Load Case-3 (LT-115 and LT-116), Load Case-4 (LT-119 and LT-120), and

Load Case-5 (LT-123 and LT-124) demonstrate a trapezoidal shape with increasing pressure on
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the side of eccentricity, inclination or eccentric-inclined loading, which was also observed in

numerical models by Loukidis et al. (2008) (Figure 6.4).
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6.3 Conclusions on Square Footing (L/B = 1) Tests

Centrifuge tests of L/B = 1 footings on very dense and medium dense sand were

conducted to investigate the influence of inclined and inclined-eccentric loading on the bearing

capacity when the depth of embedment is zero and 0.5B. For the tests on very dense sand, the

following observations of the bearing capacity were made.

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Ds = 0, the bearing capacity was 55.3% and 63.7%
less than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 48.2% and 62.9% less
than the concentrically loaded footing with Dr = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Dr = 0 the bearing capacity was 40.8% and 56.7% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Dr = 0.5B, the bearing capacity was 36.6% and 56.5% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-5 (eccentric-inclined loading with — load combination (reinforcing)) generally
showed less decrease in bearing capacity than Load Cases 3 and 4. When Ds = 0, the bearing
capacity was 9.9% and 26.9% less than the concentrically loaded footing (Load Case-1) for
the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When D = 0.5B, the bearing
capacity was 15.3% and 20.9% less than the concentrically loaded footing with Ds = 0.5B

(Load Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.
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Embedment of 0.5B had a marked effect on the bearing capacity of all load cases. Bearing
capacity increased by 55.7% for Load Case-2 (eccentric load). Between tests of Load Case-3
(most critical), there was a 78.8% and 64.3% increase for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. For Load Case-4, there was a 64.3% and 58.5% increase for the
lateral-to-axial load ratios of 0.10 and 0.25, respectively. For Load Case-5, there was a 56.9%
and 69.3% increase for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

Two additional Load Case-3 (lateral-to-axial load ratios of 0.10 and 0.25) and one additional
Load Case-4 (lateral-to-axial load ratio of 0.25) at an embedment of 1B were performed to
further test the influence of this embedment. Between tests of Load Case-3 at embedment of
0.5B and 1B, there was a 37.8% and 59.7% increase for the lateral-to-axial load ratios of 0.10
and 0.25, respectively. Between tests of load case at embedment of 0.5B and 1B, there was a

65.7% increase for the lateral-to-axial load ratio 0.25 (most critical for Load Case-4).

For the tests on medium dense sand, the following observations of the bearing capacity were

made.

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Ds = 0, the bearing capacity was 33.4% and 67.9%
less than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Dr = 0.5B, the bearing capacity was 45.7% and 44.4% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Ds = 0 the bearing capacity was 42% and 61.8% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of

0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 14.5% and 28.5% less
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than the concentrically loaded footing with Dr = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-5 (eccentric-inclined loading with — load combination (reinforcing)) generally
showed less decrease in bearing capacity than Load Cases 3 and 4. When Ds = 0, the bearing
capacity was 18.3% and 21.3% less than the concentrically loaded footing (Load Case-1) for
the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When Ds = 0.5B, the bearing
capacity was 6.7% and 8% less than the concentrically loaded footing with Ds = 0.5B (Load
Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

Embedment of 0.5B also had a marked effect on the bearing capacity of all load cases in
medium dense sand. Bearing capacity increased by 45% for Load Case-2 (eccentric load).
Between tests of Load Case-3 (most critical), there was a 18.2% and 88.6% increase for the
lateral-to-axial load ratios of 0.10 and 0.25, respectively. For Load Case-4, there was a 75.2%
and 94.8% increase for the lateral-to-axial load ratios of 0.10 and 0.25, respectively. For
Load Case-5, there was a 52.3% and 54.6% increase for the lateral-to-axial load ratios of

0.10 and 0.25, respectively.
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7.0 ANALYSIS OF TEST RESULTS AND COMPARISON TO
EXISTING METHODS FOR BEARING CAPACITY

7.1 Analysis of Strip Footing Test Results

It was necessary to identify the appropriate N, and depth factors (dq and d;) to be used in
analysis of subsequent bearing capacity tests (L/B = 10 and 1) with eccentric and eccentric-
inclined loads. Eq. 7.1 is the bearing capacity equation for an embedded footing with a
concentric load. Factors to account for the footing shape (Sq and s;) and embedment (depth
factors dq and d;) influence on the embedment component and the soil self-weight component
were included. The shape of L/B = 20 footings have negligible influence of bearing capacity, as
evidenced by shape factors =~ 1 (Section 7.4). Therefore, L/B = 20 footings embedded 0, 0.5B
and B, were tested to identify these factors. Note, in the equations for bearing capacity and the
influence factors, B =B’ and L = L' for eccentrically loaded footings.

Eq. 7.1 is the traditional bearing capacity equation for the case of an embedded footing in
cohesionless soil. In the case of a strip footing located at the surface, the bearing capacity
equation reduces to the form presented in Eq. 7.2.

Gy = DfyNgsqd, + 0.5yBN, s, d, Eq.7.1
qx = 0.5yBN,s,d, Eq. 7.2

Equations 7.3 and 7.4 are the AASHTO (2016) recommended bearing capacity factors for
overburden, Nq (Reissner, 1924) and soil self-weight, N, (Vesi¢, 1973), respectively.

N, = e™ @ %stqn? (45° + %) Eq. 7.3
N, = 2(N, + 1)tan(¢;) Eq. 7.4

Other methods for N, identified in the literature review, and presented in Task 1, based on

centrifuge tests of strip footings (L/B = 5) on dense sand by Zhu et al. (2001) (shown in Equation

7.5) and another based on empirical relationships by Hansen’s (1970) (shown in Equation 7.6)
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was also used for analysis of bearing capacity results from the centrifuge tests.
N, = 2(N, + 1)tan(1.07¢;) Eq. 7.5

N, = 1.5(N, — 1)tan(¢y) Eq. 7.6

7.1.1 Depth of Embedment Factors Considered in Analysis

Factors to account for depth of embedment greater than zero for the overburden
contribution, dq, and self-weight contribution, d,, by Hansen (1970) and Vesi¢ (1973) are shown
in Equation 7.7 and 7.8, respectively.

dg=1+2tang - (1—singy) (L) forL <1 Eq. 7.7
, =1 Eqg. 7.8

Meyerhof (1963) proposed Eg. 7.9 and Eq. 7.10 for dq and d,, respectively.

d °
dy = 1+ 0.1, (L) for ¢ > 10 Eq. 7.9
d, = d, Eq. 7.10
where
K, = tan® (45" + %) Eq. 7.11

The influence of depth of embedment in the tests is investigated through normalized
bearing capacity values plotted against the footing embedment at peak load, where settlement at
the peak load was added to the initial depth of embedment (Eg. 7.12). The normalized values
were plotted against predicted values using the methods for dq (Hansen (1970) and Vesi¢ (1973)
—Eqgs. 7.7 and 7.8; and Meyerhof (1963) — Egs. 7.9 and 7.10) and for the N, methods considered
in the Ds=0, 0.5B, and B cases (Vesi¢, 1973; Zhu et al., 2001; Hansen, 1970) in Figures 7.1 —

7.3.

" Df+5
= (2L )qu + (1/2)Nym, Eq. 7.12
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Based on the limited number of tests of medium dense soil (¢ = 30°-31°) the Meyerhof
method for dq is more representative than the Hansen method over the range of depth of
embedment. Vacuuming in the preparation of the soil in earlier models which were prepared in a
very dense state, resulted in tests on with less ¢ as indicated by Figure 7.2. Very dense soil
resulted in ¢ = 34° - 36°, which is well reflected in Figure 7.3, where the normalized measured
were well represented by the Meyerhof method for dq and Vesi¢ (1973) N, for smaller Ds and
Hansen (1970) N, for larger Dsx. In all cases, the Meyerhof method for dgq is the most
representative of the test performed and were used in subsequent analysis.

The experimental values for Nq and N, were directly obtained from Figures 7.1-7.3, as the
slope and twice the intercept for medium dense conditions and very dense condition using depth
correction factors, dq, by Meyerhof (1951) and Vesi¢ (1975) and Hansen (1970). The values for
Ng and N, achieved from the plots are presented in Table 7.1 with predicted Vesi¢-N;. Generally,
for the MD and VD cases, Nq and N, solved through normalization (Eq. 7.12) agree with the
predicted values, except for N, for the VD cases. This may be due to the capacity occurring at
post-peak angle of internal friction, a reduced value closer to the residual angle of internal
friction. Aiban and Znidar¢ic¢ (1995) showed similar behavior in analysis of depth factors for
bearing capacity of a footing on dense sand. The difference in the N,may be due to the error in
predicting the angle of internal friction or the variability of the model soil. There is a change in

N, of 55.05 to 80.05 for a change in angle of internal friction of 2.5°.
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Figure 7.1 Experimental values for Ngq and N, by slope and intercept method of medium dense cases
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Figure 7.2 Experimental values for Ng and N, by slope and intercept method for very dense cases Dy = 85-90%
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Figure 7.3 Experimental values for Ng and N, by slope and intercept method for very dense cases Dy = 91-96%
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Table 7.1 Experimental values for Ng and N, by slope and intercept method

Relative N Ny Reissner -N Vesié-N
Density (slope) (2 * intercept) d i’
MD 27.29 28.87 24.88 33.10
VD* 39.03 48.53 34.44 50.12
VD** 61.98 56.75 49.59 72.43

* Dr = 85-90%, ** Dr = 91-96%
7.1.2 Shape Factors Considered in Analysis

Equations 7.13 and 7.14 are shape factors for overburden and soil self-weight originally
by DeBeer (1970), and modified by Vesi¢ (1973), recommended by AASHTO (2016) for
rectangular footings.

Rectangular:
sq =1+ (%tan gbf)

s, =1-04 (?)

Paikowsky et al. (2010) presented other equations for shape factor. Equations 7.15 and 7.16 are

Eq.7.13

Eq.7.14

shape factors for overburden and soil self-weight recommended in EuroCode 7 (2005) and DIN
4017 (2006) for rectangular footings.

Rectangular:

S¢=1+-sing, Eq.7.15

s, =1-032 Eq.7.16
Equations 7.17 and 7.18 are shape factors for overburden and soil self-weight originally by

Meyerhof (1963) for rectangular footings.

Rectangular:

sq =1+ 0.1K, (7) for ¢ > 10° Eq. 7.17
sy =1+01K,(2) Eq. 7.18
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where
K, = tan? (45" +2) Eq. 7.19

Equations 7.20 and 7.21 are shape factors for overburden and soil self-weight originally by Perau
(1995, 1997) for rectangular footings.

Rectangular:

1%

sq =1+ 1.6tan ¢, (ﬁ) Eq. 7.20
1+(2)

s, =—% Eq.7.21

14
Equation 7.22 and 7.23 are the shape factors for overburden and soil self-weight originally by
Zhu and Michalowski (2005) for rectangular footings.

Rectangular:
sg=1+ 1.9tan2(¢f)\/§ Eq. 7.22

1.5 L
s, = 1+ (L3sin?(¢y) —05) (£) - el5) for g, > 30° Eq. 7.22
Presented in Table 7.2 are the values calculated in our analysis for the various shape factors. As
you can see there in minimal difference in the values presented from each method. Analysis of

the shape factors that best fit the experimental data is in the subsequent section.

Table 7.2 Shape factors for overburden and soil self-weight

Reference Sq S,

DeBeer (1970) as modified by Vesi¢ (1973) 1.04 0.98
Paikowsky et. al (2010) 1.03 0.99
Meyerhof (1963) 1.02 1.02
Perau (1995, 1997) 1.06 0.95
Zhu and Michalowski (2005) 1.17-1.24 1.00

7.1.3 Bearing Capacity Factor Analysis

Upon completion of the analysis on bearing capacity factors for depth and shape factors,
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an investigation of the most representative N, from Vesi¢ (1973), Zhu et. al. (2001), and Hansen
(1970) was done. Shown in Figure 7.4 are the progression plots for the Vesi¢ N, Zhu et. al. Ny,
and Hansen N, methods for comparison. The Reissner (1924) method for Nq (Equation 7.3) was
used in the analysis. The Vesi¢ N, appears to be the most representative of the three design
methods for the cases where Dr = 0 and D = 0.5B, followed closely by the Zhu et. al. method.
The Hansen method appears to be representative for the cases where Dr = 0.5B and B as seen in
Figure 7.4.

Figure 7.5 shows the measured (back-calculated N, using Equation 4.50) plotted against
the predicted Ny based on Vesi¢ (1973), which was the most representative method and is the
method currently recommended by AASHTO (2016) for all the test cases. The Reissner (1924)
method for Nq (Equation 7.3) was used in the analysis. Based on the limited test cases of medium
dense and very dense soil and for 0 < D < B, the R? = 0.982 for Ny based on Vesi¢ (1973) when

the methods for depth of embedment and shape factors recommended here are used.

qu = DfyNgsqdq + 0.5yBNy s, d, Eq. 7.23
n = qu — q Eq. 7.24
— B 2
s¢ =1+ (Ztan¢y) Eq. 7.25
sy, =1-04 (f) Eq. 7.26
dg=1+2tangy- (1-singy) (L) forL <1 Eq. 7.27
d, =1 Eq. 7.28
N, = n=Pr¥NqSqdq Eq. 7.29

14 0.5YBsydy,
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Figure 7.4 Measure vs. predicted bearing capacity plot for Vesi¢-N, (AASHTO), Zhu-N,, and Hansen-N, design methods
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Figure 7.5 Bearing capacity factor-N, (Bias) plot for Df= 0 and D¢ >0

7.1.4 Direct Shear and Triaxial Shear Peak Friction Angle Analysis

As discussed earlier, the peak friction angle obtained from the direct shear test was used
in the comprehensive analysis. Based on Figure 7.6, the direct shear test provided more
consistent and conservative values in comparison to the values obtained in the triaxial shear test.
Shown in Figure 7.6 are the measured bearing capacity factor-N, for the medium dense and very
dense conditions plot with the phi values obtained from the direct shear and triaxial shear
relationships. In the medium dense and very dense conditions, the phi values obtained from the

direct shear testing were more representative for the bearing resistances (i.e. plane strain).
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Figure 7.6 Direct shear and triaxial shear data plot

Progression plots for the experimental phi determined from the failure surface plots

(measured) versus the direct shear and triaxial shear relationships (predicted) are presented in

Figures 7.7 -7.8. The direct shear and triaxial relationship shown appear to be representative to

the measured phi values determined from the failure surface plots.
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The results of the direct shear and triaxial shear plot also provided a guide in the selection
process for determining which design methods to use in the analysis. As shown in Figure 7.6
Vesi¢ and Zhu et al. methods were good predictors for both the medium dense condition and
very dense condition when using peak friction angles obtained from the direst shear test.

A second analysis was performed to confirm the findings from Figure 7.6. The observed failure
surface for each load test were compared to the theoretical failure surface as presented in Figure
7.9 and described by Eq.7.30 and Eq.7.31, Prandtl (1920). Equation 7.30 describes the linear

portions of the geometry presented in Figure 7.9 and Eq. 7.31 describes the log spiral fan portion,

a=45 -1 Eq. 7.30
r = R,eltn?¢ Eq.7.31
where

@is the angle of rotation

¢ is the internal friction angle

J l
~ A p
D, S ol B
__&__J SR *—1*—--\ v.¥) __g__i_-x--h-i———
4>—¢c 4*-¢P Kot 4w—¢ﬁ 45 =9'2
S— T Unit weight =y
Cohesion = ¢’

Friction angle = ¢’

Figure 7.9 Theoretical failure surface Das (2016).
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The theoretical failure surface replotted using the peak friction angle obtained from the
direct shear and triaxial shear tests and compared to the observed failure surface for all load test
with depth of embedment equal to zero. Shown in Figure 7.10 is theoretical failure surface using
the peak friction angle obtained from the direct shear test. The theoretical failure surface is a near
match to the point of the max failure surface observed from the plan view.

Shown in Figure 7.11 is the theoretical failure surface using the peak friction angle obtained
from the triaxial shear test on LT-17. The theoretical failure surface extends beyond the point of
max failure surface observed from the plan view. In the majority of the load tests this was the

consistent theme.
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7.2 Analysis of Rectangular and Square Footing
7.2.1 Measured Shape Factor Analysis

AASHTO (2016) recommends factors to correct for the effect of footing shape other than
strip footings. Equations 7.32 — 7.35 are shape factors for overburden and soil self-weight
originally by DeBeer (1970), and modified by Vesi¢ (1973), recommended by ASHTO (2016)
for rectangular and square footings.

Rectangular:

s¢ =1+ (Ztan¢y) Eq. 7.32

s, =1-04(%) Eq. 7.33
Square:

Sq =1+ tan ¢y Eq. 7.34

s, = 0.6 Eq. 7.35

Paikowsky et al. (2010) presented other equations for shape factor. Equations 7.36 — 7.39 are
shape factors for overburden and soil self-weight recommended in EuroCode 7 (2005) and DIN
4017 (2006) for rectangular and square footings.

Rectangular:

S¢=1+-sing, Eq. 7.36

s, =1-032 Eq. 7.37
Square:

Sq =1+ sin ¢y Eqg. 7.38

s, =07 Eq. 7.39

Equations 7.40 and 7.41 are shape factors for overburden and soil self-weight originally by

Meyerhof (1963) for rectangular footings.
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sq =1+ 0.1K, (2) for ¢ > 10° Eq. 7.40

sy =1+01K,(2) Eq. 7.41
Equations 7.42 and 7.43 are shape factors for overburden and soil self-weight originally by Zhu
and Michalowski (2005) for rectangular and square footings.

Rectangular:
sg=1+ 1.9tan2qbf\/% Eq. 7.42

s, =1+ (L3sin?(¢,) - 05) (&) - e(5) for ¢, > 30° Eq. 7.43

To validate the shape factors, syand sq, load tests performed for footings with L/B=1,5,10,
and 20 at the surface and with L/B=1, 10 and 20 embedded were used to identify the effect of
shape in each case. The experimentally determined s, and sq factors for the different L/B and very
dense sand are shown in Figures 7.12 and 7.13, respectively. The factors are the bearing capacity
for each L/B case normalized by L/B = 20 bearing capacity for a footing with B = 5 ft, which
was calculated using the experimentally determined Nq and Ny. In the case for s, a trendline was
fit to the data using a value of one for the case of L/B=20 for comparison. The method presented
by Meyerhof (1963) appears to be most representative of the L/B tested, while the Debeer (1970)
method modified by Vesi¢ (1973) is conservative, especially at L/B < 5. In the case of sq the
experimental data is in good agreement with Meyerhof (1963) for L/B > 10 and Debeer (1970)
modified by Vesi¢ (1973) for 3 <L/B < 10. Meyerhof (1963) method is generally conservative
for L/B < 10 while Debeer (1970) modified by Vesi¢ (1973) are greater than the experimentally
determined factors for L/B < 3. Currently, AASHTO recommends Debeer (1970) modified by

Vesi¢ (1973) shape factors in bearing capacity design.
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7.2.2 Measured Eccentricity Analysis

Where eccentric loads are acting on the foundation (in either direction), then the effective

dimensions (L' and/or B’) should be used in Equation 7.1 (AASHTO, 2016).

LI=L_2'eL
B'=B—2-ep
eL:%
e3=%

Eq. 7.44
Eq. 7.45

Eq. 7.46

Eq. 7.47

where e. and eg are the load eccentricities in the L and B directions, respectively, M. and Mg are

the moments due to eccentric loads in the L and B directions, respectively, and V is the total

vertical load.

For vertical eccentric loads along the foundation width, B, the decrease in bearing

capacity can be estimated with any of the following methods (Equations 7.48 — 7.55) based on

small-scale model tests on cohesionless soil with Ds = 0 (Paikowsky et al., 2010).

Meyerhof’s (1953) empirical factor:

2
= (1-2%)
Qu,centric B
Giraudet’s (1965) empirical factor:

w_ _ o(-12G))

Qu,centric

Ticof’s (1977) empirical factor:

fu__ (1 - 1.9%)2

Qu,centric

Bowles (1996) empirical factor:
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Eq. 7.48

Eq. 7.49

Eq. 7.50



Au =1—\/E for0 << < 0.3 Eq. 7.51
B B

du,centric

Paolucci and Pecker’s (1997) empirical factor:

1.8
= (1-=) " for £<03 Eq. 7.52

Qu,centric 0.5B

Ingra and Baecher’s (1983) empirical factor:

= 1-35(%)+3.03 (g)2 Eq. 7.53

Qu,centric

Gottardi and Butterfield’s (1993) empirical factor:

du =1- e Eq 7.54

Qu,centric 0.36B

Perau’s (1995, 1997) empirical factor:

w1252 Eq. 7.55
Qu,centric B
The prototypical footing width in this analysis is 60 inches wide. Considering the
maximum allowed eccentricity of B/6 this equates to an eccentricity of 10 inches from the

centerline of the footing. The pressure transducers located beneath the footing allow for
investigation of the measured eccentricity.
7.2.2.1 Rectangular Footing

Figures 7.14 -7.15 are all the Load Case-2 tests which illustrate the distribution of the
measured bearing pressures and the resultant force. The location of the resultant force for each
test was calculated by summing the moments about the point of loading on the top of the footing.

Shown in Table 7.3 are the summary of the measured eccentricities for all the L/B = 10 tests.
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Table 7.3 Summary of eccentricity analysis for L/B = 10 tests

Measured Design i Footin
I__I_oad Density Embedment Eccentricity Eccentr(% city Measu_r e_d De5|g_n_ Rotatio%
est Depth . : Eccentricity | Eccentricity
(in) (in) (degree)
LT-31 VD 0 9.9 10 B/6.1 B/6 6.65
LT-32 VD 0 9.6 10 B/6.25 B/6 7.06
LT-43 VD 0 8.6 10 B/7 B/6 6.54
LT-33 VD 0.5B 8.1 10 B/7.4 B/6 9.13
LT-34 VD 0.5B 7.3 10 B/8.2 B/6 8.46
LT-62 MD 0 9.5 10 B/6.3 B/6 7.89
LT-63 MD 0 8.3 10 B/7.2 B/6 8.02
LT-64 MD 0.5B 10.1 10 B/5.9 B/6 9.99
LT-65 MD 0.5B 9.1 10 B/6.5 B/6 10.51

Figure 7.16 is the bias (measured/predicted) in the eccentricity methods previously

presented based on measured results from the tests in Table 7.3. The results shown in Figure 7.16

suggest the AASHTO recommended design method for eccentric load conditions (Egs. 7.1 and

7.45) is representative for both the very dense and medium dense conditions. The method tends

to slightly underpredict the bearing capacity for the medium dense sand and slightly overpredict

for the very dense sand with depth of embedment equal to 0.5B. All empirical factor methods

(Egs. 7.48 — 7.55) underpredict the bearing capacity of the eccentrically loaded footings.
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Figure 7.16 Measured vs. predicted eccentricity bias plot for L/B = 10 tests
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7.2.2.2 Square Footing

Figures 7.17 -7.18 are all the Load Case-2 tests which illustrate the distribution of the

measured bearing pressures and the resultant force. The location of the resultant force for each

test was calculated by summing the moments about the point of loading on the top of the footing.

Shown in Table 7.4 are the summary of results for the eccentricity analysis.

Table 7.4 Summary of eccentricity analysis L/B = 1 tests

Measured Design .
Load Test Density Emeedment Eccentricity Eccentr%city Measu_r e_d De3|gn_
epth (i) (in) Eccentricity | Eccentricity
LT-130 VD 0 8.9 10 B/6.7 B/6
LT-131 VD 0 9.1 10 B/6.6 B/6
LT-132 VD 0.5B 9.3 10 B/6.5 B/6
LT-133 VD 0.5B 10.6 10 B/5.7 B/6
LT-96 MD 0 9.8 10 B/6.1 B/6
LT-97 MD 0 9.2 10 B/6.5 B/6
LT-98 MD 0.5B 7.8 10 B/7.7 B/6
LT-99 MD 0.5B 9.3 10 B/6.5 B/6

Figure 7.19 is the bias (measured/predicted) in the eccentricity methods based on the

measured results from the tests in Table 7.4. The results shown Figure 7.19 suggest the

AASHTO recommended design method for eccentric load conditions (Egs. 7.1 and 7.45) is

generally representative for both the very dense and medium dense conditions. The design

method tends to underpredict more so in the square footing for the medium and very dense soil

conditions with Ds = 0 & 0.5B. All empirical factor methods (Eqgs. 7.48 — 7.55) underpredict the

bearing capacity of the eccentrically loaded footings.
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Figure 7.17 Pressure distribution for very dense eccentric load case
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7.2.3 Measured Inclination Analysis

Centric, inclined loads acting on a shallow footing (resultant, R in Figure 7.20) has the
effect of a shallower and shorter failure surface compared cases of centric, vertical loads.
AASHTO (2016) recommends accounting for load inclination effects with factors on the
resistance due to overburden and soil self-weight using Equations 7.65 and 7.66, respectively.
Paikowsky et al. (2010) presents methods for the load inclination factor which are shown in

Equations 7.65 — 7.78.

Figure 7.20 Inclined loading convention (Figure C10.6.3.1.2a-1 AASHTO, 2016)

Vesi¢ (1973) load inclination factors:

m

=1 -

g = (1 (V+cBLcot¢f)> Eq.7.56
H m+1

iy = (1 ~ (icBLootd)) cotd)f)) Eq. 7.57

m = [(2+L/B)/(1+L/B)]cos?0 + [(2+B/L)/(1+B/L)]sin%0 Eqg. 7.58

where B is the footing width, L is the footing length, H is the unfactored horizontal load, V is the
unfactored vertical load, and 6 is the projected direction of the resultant load, R, as shown in

Figure 7.20.
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Meyerhof (1953) load inclination factors:

2
o (1-2
ip=(1-%) Eq. 7.59
« 2
i, = (1 - ¢—f) Eq. 7.60

where a is the angle of the inclined load to the vertical.

Meyerhof and Koumoto (1987) modified the earlier equations for more specific cases.
Equation 7.70 is the load inclination factor for a foundation with rough base on sand. Equation
7.71 is the load inclination factor for a foundation with embedment ratio (D+/B) equal to 1 in soil
with angle of internal friction greater than 30°. Hansen (1970) recommended Equations 7.72 and

7.73, where the exponent, 1, equals 5. Bowles (1997) recommended 2 <n <5.

i, =cosa (1 — Sjinn(;f) Eqg. 7.61
i, =cosa(l—sina) Eq. 7.62

Hansen (1970) recommended Equations 7.58 and 7.59, where the exponent, n, equals 5.

n

. 0.5H

g = (1 ~ WresLcotap) C0t¢f)) Eq. 7.63
n

. 0.7H

ly = (1 — m) Eq 7.64

Loukidis et al. (2008) recommends Equation 7.74 and Equation 7.75 for combined eccentricity
and inclination, where e and a can be negative or positive. The fie term is applied to the bearing

capacity equation in place of B and i.

(1.5tang+0.4)>
iy = (1-0.9472) Eq. 7.65
e 2 2 e ?
fie =137 (g) + 2.1(tana)~ + 1.5Etana Eq. 7.66
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Muhs (1971) recommends Equation 7.76

i, = (1 — tana)? Eq. 7.67

Reduction factors due to centric, inclined loads acting on foundations on sand without
embedment are shown in Equations 7.77 — 7.79.

Ticof’s (1977) empirical factor:

__ (1-136%) Eq.7.68

Qu,centric

Ingra and Baecher’s (1983) empirical factor:

= 1-241(2)+1.36 (g)2 Eq. 7.69

Qu,centric

Gottardi and Butterfield’s (1993) empirical factor:

u  _—q_ A Eq. 7.70

Qu,centric 0.48V

7.2.3.1 Rectangular Footing

The measured inclination values and self-weight inclination factors, i, methods
considered in the analysis are presented in Figure 7.21. These measured inclination values are
normalized bearing capacity of Load Case-4 at the surface. Investigating Figure 7.21, Meyerhof
(1953) and Hansen (1970) seem to be a good representation for very dense soil conditions with
L/A ratios of 0.10. Meyerhof (1953) and Hansen (1970) provide fairly good representation for
very dense soil conditions with L/A ratios of 0.25. The measured values for the medium dense
soil with L/A = 0.1 agree well with Hansen (1970) while the measured values for 0.25 are
slightly less than Meyerhof (1953) and Hansen (1970). Vesi¢ (1973) slightly overpredicts the

self-weight inclination factor.
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Figure 7.21 Soil self-weight inclination factor plots for L/B = 10 footings on (A) VD sand and
(B) MD sand
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The measured inclination values and overburden inclination factors, iq, methods
considered in the analysis are presented in Figure 7.22. In the case of the medium and very dense
conditions, Hansen (1970) is a better representation for the inclination factor with respect to
overburden with embedment depth equal to 0.5B with L/A ratios of 0.1 and 0.25. Meyerhof
(1953) and Vesic¢ (1973) tend to overpredict iq more than Hansen (1970) in the very dense soils,
but does well in the medium dense soils. In the case of L/A equal to 0.25 the measured values

appear to have a wider range than what was observed with the L/A =0.10.

232



1.00

0.90
0.80
0.70
B VD Data
0.60
Meyerhof-iq
-~ 0.50 Vesic'-iq
0.40 Hansen-iq
® L/B=10, L/A=0.10 (VD)
0-30 ® L/B=10, L/A=0.25 (VD)
iq = e-3.3(H/V) TR T
0.20 = = = = Expon. (VD Data)
R%?=0.9853
0.10
0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
H/V Ratio
1.00
0.90 (B)
0.80
0.70 ,'q = e-1.857(H/V)
RZ = 0.9906 ® MD Data
0.60 :
Meyerhof-iq
— 050 Vesic'-iq
0.40 Hansen-iq
® L/B=10, L/A=0.10 (MD)
0.30
® L/B=10, L/A=0.25 (MD)
0.20 ~~~~' = = = « Expon. (MD Data)
0.10
0.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

H/V Ratio

Figure 7.22 Overburden inclination factor plots for L/B = 10 footings on (A) VD sand and (B)
MD sand
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7.2.3.2 Square Footing

The measured inclination values and self-weight inclination factors, i,, methods
considered in the analysis are presented in Figure 7.24. The measured inclination values
presented are the normalized bearing capacity of Load Case-4 at the surface. Investigating Figure
7.24, Meyerhof (1953) and Hansen (1970) seem to be better representations for medium and very
dense soil conditions with L/A ratios of 0.10. Meyerhof (1953) and Hansen (1970) provide fairly
good representation for L/A ratios of 0.25. The measured values for L/A = 0.10 appear to be
slightly lower than expected. Vesi¢ (1973) tends to overpredict the self-weight inclination factor.

The measured inclination values and overburden inclination factors, iq, methods
considered in the analysis are presented in Figure 7.25. In the case of the medium dense soil
condition, Meyerhof (1953) and Vesi¢ (1973) were better representation for the inclination factor
with respect to overburden with embedment depth equal to 0.5B with L/A ratios of 0.1 and 0.25.
In the case of very dense soil condition with L/A equal to 0.10 and 0.25 Hansen (1970) appears

to provide a better representation.
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Figure 7.23 Soil self-weight inclination factor plots for L/B = 1 footings on (A) VD sand and (B) MD
sand
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Figure 7.24 Overburden inclination factor factor plots for L/B = 1 footings on (A) VD sand and
(B) MD sand
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7.3 Measured versus Predicted Bearing Capacity for Rectangular Footing (L/B = 10)

The predicted bearing capacity for this series of testing uses the following design
methods as a result of the outcome presented in the L/B = 20 testing, as well as AASHTO (2016)
recommendations. The bearing capacity factor for overburden, Nq, presented by (Reissner, 1924).
Self-weight bearing capacity factor, N,, presented by Vesi¢ (1973), Zhu et. al (2001) and Hansen
(1970). Shape factors for overburden and soil self-weight originally by DeBeer (1970), and
modified by Vesi¢ (1973), recommended by ASHTO (2016) for rectangular and square footings.
Depth factors for overburden and soil self-weight presented by Hansen, (1970) and Vesi¢ (1973).
Inclination factors for overburden and soil self-weight by Vesi¢ (1973), Meyerhof (1953),
Hansen (1970), and Loukidis et al. (2008). Where eccentric loads are acting on the footing, the
effective width, B, recommended by AASHTO (2016).

For Load Case-3, eccentric-inclined, horizontal component positive (+), to the direction
of the eccentricity, the analysis used a positive horizontal component or positive angle of
inclination for all inclination design methods. For Load Case-5, eccentric-inclined, horizontal
component negative (-), to the direction of the eccentricity. The analysis used a negative
horizontal component or negative angle of inclination for the design methods that allow for

negative values.

7.3.1 Measured versus Predicted for Very Dense Condition

Measured versus predicted bearing capacity plots for various combinations of the design
methods with very dense soil conditions are presented in Figure 7.25-7.37. Figures 7.25 and 7.26
present paired design method bias plots for the values of N, s;, Sq, and dq determined to be the
best predictors from the individual bearing capacity factor analysis in previous sections. Further

study of the sq factor is performed here where the three methods in Section 7.1.2 were considered
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for in all combinations. For the footings on very dense sand, the method by Vesi¢ was
determined to be the best performing based on bias (slope of linear trend line fit to data) and the
R? value. Plots of measured and predicted capacities using the other s; method (Meyerhof and
Zhu) are in the Appendix. The design methods which display the best prediction values are
presented in lower right corner of Figure 7.26. Presented in Figure 7.27 are the bias plots for
design methods which poses their own depth, shape and inclination factors. The overall
predictions for the very dense soil condition are representative. The methods that performed the

best overall are listed below.

Very Dense (L/B = 10) Paired Design Methods with Vesi¢-sq:

Load Case-1 (Df= 0): Vesi¢- Ny

Load Case-1 (Ds = 0.5B): Hansen- N,

Load Case-2 (Dr = 0): Zhu- N,

Load Case-2 (Ds = 0.5B): Hansen- N,

Load Case-3 (Df=0 & L/A =0.10): Vesi¢- N, with Meyerhof - i, and iq
Load Case-3 (Ds=0.5B & L/A =0.10): Hansen- N, with Hansen - i, and igq
Load Case-3 (Df= 0 & L/A =0.25): Vesi¢ - N, with Hansen - i, and igq
Load Case-3 (Ds=0.5B & L/A =0.25): Hansen- N, with Hansen - i, and igq
Load Case-4 (Df =0 & L/A =0.10): Zhu- N, with Meyerhof - i, and iq
Load Case-4 (Ds = 0.5B & L/A = 0.10): Hansen- N, with Loukidis fie

Load Case-4 (Ds = 0 & L/A = 0.25): Hansen- N, with Vesic¢ - iyand iq
Load Case-4 (Ds = 0.5B & L/A =0.25): Hansen- N, with Hansen - iyand iq
Load Case-5 (Ds=0 & L/A = 0.10): Vesi¢- N, with Loukidis fie

Load Case-5 (Ds=0.5B & L/A =0.10): Vesi¢ - N, with Vesi¢ - i, and igq
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Load Case-5 (Df=0 & L/A =0.25): Vesi¢ - N, with Loukidis fie

Load Case-5 (Df= 0.5B & L/A =0.25): Vesi¢ - N, with Loukidis fie
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Figure 7.25 Bearing capacity-qu bias plots for L/B = 10 very dense condition with paired design methods
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Figure 7.27 Bearing capacity-qu bias plots for L/B = 10 very dense condition with matched design methods
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7.3.2 Measured versus Predicted for Medium Dense Condition

Figures 7.28 and 7.30 present paired design method bias plots for the values of N, s;, Sq
and dq determined to be the best predictors for the medium dense condition. Further study of the
sq factor is performed here where the three methods in Section 7.1.2 were considered for in all
combinations. For the footings on medium dense sand, the method by Zhu was determined to
generally be the best performing based on bias (slope of linear trend line fit to data) and the R?
value. Plots of measured and predicted capacities using the other sq method (Vesi¢ and
Meyerhof) are in the Appendix. The design methods which display the best prediction values are
presented in lower right corner of Figure 7.29. Presented in Figure 7.30 are the bias plots for
design methods which poses their own depth, shape and inclination factors. The overall
predictions for the very dense soil condition are fairly representative. The methods that
performed the best overall are listed below.

Medium Dense (L/B = 10) Paired Design Methods with Zhu-sq:

Load Case-1 (Df = 0): Zhu- N,

Load Case-1 (Df = 0.5B): Vesi¢- N,

Load Case-2 (Dr = 0): Zhu- N,

Load Case-2 (Df = 0.5B): Zhu- N,

Load Case-3 (D= 0 & L/A =0.10): Zhu- N, with Loukidis fie

Load Case-3 (Ds=0.5B & L/A =0.10): Hansen- N, with Hansen - i, and igq
Load Case-3 (Ds = 0 & L/A = 0.25): Zhu- N, with Vesic¢ - iyand iq

Load Case-3 (Ds=0.5B & L/A =0.25): Zhu- N, with Loukidis fie

Load Case-4 (Ds =0 & L/A = 0.10): Zhu- N, with Vesic¢ - iyand iq

Load Case-4 (Ds=0.5B & L/A =0.10): Vesi¢ - N, with Meyerhof - i, and igq
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Load Case-4 (Df=0 & L/A =0.25): Vesi¢ - N, with Vesi¢ - iyand iq
Load Case-4 (Ds=0.5B & L/A =0.25): Zhu- N, with Meyerhof - i, and iq
Load Case-5 (D =0 & L/A =0.10): Zhu- N, with Loukidis fie

Load Case-5 (Df = 0.5B & L/A = 0.10): Zhu- N, with Loukidis fie

Load Case-5 (Df =0 & L/A =0.25): Zhu- N, with Loukidis fie

Load Case-5 (Df = 0.5B & L/A =0.25): Zhu- N, with Loukidis fie
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Figure 7.28 Bearing capacity-qu bias plots for L/B = 10 medium dense condition with paired design methods
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Figure 7.29 Bearing capacity-qu bias plot for L/B = 10 medium dense condition with paired and best design methods
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Figure 7.30 Bearing capacity-qu bias plot for L/B = 10 medium dense condition with matched design methods
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7.4 Measured versus Predicted Bearing Capacity for Square Footing (L/B = 1)
7.4.1 Measured versus Predicted for Very Dense Condition

Measured versus predicted bearing capacity plots for various combinations of the design
methods with very dense soil conditions are presented in Figure 7.31-7.33.
Figures 7.31 and 7.33 present paired design method bias plots for the values of Ny, s;, Sq and dq
determined to be the best predictors from the individual bearing capacity factor analysis in
previous sections. Further study of the sq factor is performed here where the three methods in
Section 7.1.2 were considered for in all combinations. For the footings on very dense sand, the
method by Meyerhof was determined to be the best performing based on bias (slope of linear
trend line fit to data) and the R? value. Plots of measured and predicted capacities using the other
Sq method (Vesi¢ and Zhu) are in the Appendix. The design methods which display the best
prediction values are presented in lower right corner of Figure 7.31. Presented in Figure 7.32 are
the bias plots for design methods which poses their own depth, shape and inclination factors. The
overall predictions for the very dense soil condition were fairly representative. The prediction
methods that performed the best overall are listed below.

Very Dense (L/B = 1) Paired Design Methods with Meyerhof-sq:

Load Case-1 (Ds = 0): Hansen- N,

Load Case-1 (Dr = 0.5B): Hansen- N,

Load Case-2 (Ds = 0): Zhu- N,

Load Case-2 (Dr = 0.5B): Vesi¢- N,

Load Case-3 (Ds =0 & L/A = 0.10): Hansen- N, with Vesic¢ - iyand iq
Load Case-3 (Ds = 0.5B & L/A =0.10): Hansen- N, with Hansen - i, and igq

Load Case-3 (Ds =B & L/A = 0.10): Hansen- N, with Hansen - i, and iq
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Load Case-3 (Df= 0 & L/A =0.25): Vesi¢- N, with Vesic - iyand iq

Load Case-3 (Df = 0.5B & L/A = 0.25): Hansen- N, with Loukidis fie

Load Case-3 (Df=B & L/A =0.25): Vesi¢- N, with Vesi¢ - iyand iq

Load Case-4 (Ds =0 & L/A = 0.10): Hansen- N, with Hansen - i,and iq
Load Case-4 (Ds = 0.5B & L/A =0.10): Hansen- N, with Hansen - iyand iq
Load Case-4 (Df = 0 & L/A =0.25): Hansen- N, with Loukidis fie

Load Case-4 (Ds = 0.5B & L/A =0.25): Hansen- N, with Hansen - iy and iq
Load Case-4 (Df=B & L/A = 0.25): Vesi¢- N, with Loukidis fie

Load Case-5 (D=0 & L/A =0.10): Vesi¢ - N, with Loukidis fie

Load Case-5 (Ds=0.5B & L/A =0.10): Vesi¢ - N, with Loukidis fie

Load Case-5 (D=0 & L/A =0.25): Vesi¢ - N, with Loukidis fie

Load Case-5 (Ds=0.5B & L/A =0.25): Vesi¢ - N, with Loukidis fie

249



-

Vesic' - Ny & Vesic' iy &
moﬂc vy & Ves 7[:;

Zhu - Ny & Vesic' iy &iq
00 ’

70000“"““ =N~y &Vesic' iy &iq

T S N RIS
geoooo ' : Lt gsoooo ' ) geoooo ' ' y
£50F &l
£ 50000 ,",/ £ 50000 S 8 so000
; 85 5 st 5
‘240000 ¥ .0‘*" © 2 40000 % ‘&(_ - 5, 40000 % !p o)
g . g A g 1
§ 20000 2 3 20000 2w 430000 7 %
B aooo| Y ¥ 11 B o0 JOT%
200000 & 7 ¥ 2000} o % ¥ 20000 o Va ¥

8
£ 10000 )’6 £ 10000 < 10000

0 0 0

0 20000 40000 60000 0 20000 40000 60000 0 20000 40000 60000
Predicted Beanng Capacity (psf) Predicted Bearing Capacity (psf) Predicted Bearing Capacity (psf)
7000\60;«: -Nq&lloyerhofh&:iq 7moztu-N7&M0yﬂhofh&l’q molélomsen-Nﬁy&Moy«hofhflq
2xas ‘ 98864:; 4' & 90846%:; 'l ﬁﬂg'é’;’é J.J
EGDOOO . 3 'f EG(X)OO . I' ; gsﬂm e ;’i
g. 'l)’f € Il (..v"'{ S
S 50000 ¥ S 50000 # % 50000
8 8 &5 38
0 40000 % .ﬁl (¢] o 40000 x Bas0 g 000 x ¥xs O
- ’ B ’ S J
® 30000 % ® 30000 R % 30000 ! x
a ?é @ ,‘_:@ o @
gzoooo vn%* gzoooo v aF 1gzoooav +
b4 {f o LA w
£ 10000 Sﬂ 2 10000 £ 10000 W
/
0 0 0
0 20000 40000 60000 0 20000 40000 60000 0 20000 40000 60000

Predicted Bearing Capacity (psf)

Predicted Bearing Capacity (psf)

Predicted Bearing Capacity (psf)

O Load Case-1 (DI1=0)
Load Case-1 (01=0.58)
Load Cose-2 (D1=0)

X Load Case-2 (DI=0.58)

) Load Case-3 (DI*0 @ L/A=0.10)

+ Load Case-3 (D1=0.58 @ L/A=0.10)

O Load Case-3 (D=8 @ LIA=0,10)
Load Case-3 (DI=0 @ LIA=0.25)
Load Case-3 (D1=0.58 @ UA=0.25)
Load Case-3 (D=6 & LA=0.25)
Load Case-4 (D=0 @ LA=0.10)

X Load Case-4 (Df=0.58 @ LIA=0.10)
Load Case-4 (D=0 @ UA=0.25)
Load Case-4 (D1=0.58 @ L/A=0.25)
Load Case-4 (Df=8 @ LiA=0.28)
Load Case-5 (D10 @ L/A=D.10)

¥ Load Case-S (DI#0.58 @ L/A%0.10)

Y Load Case-5 (D1=0 @ LUA=025)
X Load Case-5 (01=0.58 @ L/A=0.25)

345

| —er]

|
beed
|
CL
B8

Figure 7.31 Bearing capacity-qu bias plots for L/B = 1 very dene condition with paired design methods

250



Vesic' - Ny & Hansen iy &i |q

70000
&5 0.965x
..R“=0.566

60000

50000

Measured Bearing Capacity (psf)
N w S
o o o
o o o
o o o
o o o

10000

0
0 20000 40000 60000

Predicted Bearing Capacity (psf)

Vesic' - Ny & Loukidis f;_

70000
&f 0.874x ’

60000

Measured Bearing Capacity (psf)
N w H (92
o o o o
o o o o
o o o o
o o o o

10000

=0.849 ? .
¢ &

0
0 20000 40000 60000

Predicted Bearing Capacity (psf)

70000

60000

50000

40000

Measured Bearing Capacity (psf)
2 2
o o
o o

10000

Zhu - Ny & Hansen iy &i

=0.550 4
s

Vl
X 5'.
o

£

ﬁfo 915x 4

Hansen - Ny & Hansen iy &i
7 70000 5 el

£2=1 .130x
S e L R%Z=0578
& 60000
>
'S 50000
g
[ v s
8 2
= 40000 % 5 ® 0
E _."‘/
5] e
3 30000 S
o
© 20000 2%
5 v
w By
3 10000 @’
E -
F

0
0 20000 40000 60000

70000

60000

-~ w
o o
o o
o o
o o

30000

Measured Bearing Capacity (psf)
S
]
o

10000

Predicted Bearing Capacity (psf)

Zhu - Ny & Loukidis f,

¥{§ 0.828x ’
=0.840 "

0
0 20000 40000 60000
Predicted Bearing Capacity (psf)

Hansen - Ny & Loukidis f,_

;70000 @
ey 5 1.022x r
k220829 &

60000 &
K4
§

¥y
<B O

Measured Bearing Capacity (psf)
N w » (2
o o o o
o o o o
o o o o
o o o o

10000

0
0 20000 40000 60000

Predicted Bearing Capacity (psf)

0
0 20000 40000 60000
Predicted Bearing Capacity (psf)

Measured Bearing Capacity (psf)

O Load Case-1 (Df=0)
Load Case-1 (Df=0.5B)

gLoad Case-2 (Df=0)

X Load Case-2 (Df=0.5B)

[ Load Case-3 (Df=0 @ L/A=0.10)

-+ Load Case-3 (Df=0.5B @ L/A=0.10)

O Load Case-3 (Df=B @ L/A=0.10)
Load Case-3 (Df=0 @ L/A=0.25)
Load Case-3 (Df=0.58 @ L/A=0.25)
Load Case-3 (Df=B @ L/A=0.25)
Load Case-4 (Df=0 @ L/A=0.10)

X Load Case-4 (Df=0.58 @ L/A=0.10)
Load Case-4 (Df=0 @ L/A=0.25)
Load Case-4 (Df=0.5B @ L/A=0.25)
Load Case-4 (Df=B @ L/A=0.25)
Load Case-5 (Df=0 @ L/A=0.10)

% Load Case-5 (Df=0.5B @ L/A=0.10)

V/ Load Case-5 (Df=0 @ L/A=0.25)

X Load Case-5 (Df=0.5B @ L/A=0.25)

L/B=1, VD, Best Methods
70000

Vs
&2—- 0.961x e
... R©=0.940 4
60000 4
50000
40000
lf
30000 £X
20000
10000
g

0
0 20000 40000 60000
Predicted Bearing Capacity (psf)

Figure 7.32 Bearing capacity-qu bias plots for L/B = 1 very dense condition with paired and best design methods

251



50000 7 50000
g y =1.011x :
2 = 0.428 7
= 40000 $ = 40000
g % z
o
c a
3 30000 / & 30000
o o
g @ P E
3 200001 o / § 20000
B
el 07 :
§ 10000 § 10000
= / 2
7’
0 0
0 10000 20000 30000 40000 50000 0
Predicted Bearing Capacity (psf)

i VD, Meyerhof-Nv & Meyerhof-iy & iq

VD, Vesic"-Nvy & Vesic'-iy &iq

VD, Hansen-N+v & Hansen-h &iq

e Y = 1,200x : ’f "’
..R%=0.319 ' ,’ °
’
4 >
//f 4
& '¥
." l‘
P 4
Vo K
- i"
oy
Fd

10000 20000 30000 40000 S0000
Predicted Bearing Capacity (psf)

VD, Best Methods

5.8
ey =1.106x &
.. R%=0.737 ,«"fv

50 P 50000

...y =0.854x
% . RZ= 0618 A
= 40000 g T = 40000
g x 08 F
@ ¢ & ]
-3 PR, =%
& 30000 o * & 30000
o LT o

D ’
& 20000 ol & 20000
3 v 4 "',r" " 3
Sl > R oo
g Y g’
= & =
0 0
0 10000 20000 30000 40000 50000 0
Predicted Bearing Capacity (psf)

10000 20000 30000 40000 50000
Predicted Bearing Capacity (psf)

O Load Case-1 (D120)
Load Case-1 (D1=0.58)

3 Load Case-2 (DI=0)

X Load Case-2 (DI=0.58)

O Load Case-3 (D10 @ UA~0.10)

¥ Load Case-3 (D1=0.58 @ LA=0.10)

O Load Case-3 (D1=8 @ LiA=0.10)

¥/ Load Case-3 (D=0 @ L/A=0.25)

X Load Case-3 (D1=0.58 @ UA=0.25)
Load Case-3 (D=8 @ LIA=0.25)
Load Case-4 (DI=0 @ UA=0.10)

X Load Case-4 (D1=0.568 @ LA=0.10)
Load Case-4 (D150 @ UA=0.25)
Lond Case-4 (D1=0,58 @ L/IA=0.25)
Load Case-4 (D1=8 @ LiA=0.25)
Load Case-5 (D1%0 @ LUA=0.10)

# Load Case-5 (DI#0.58 @ L/A%0.10)

V¥V Load Case-5 (D1=0 @ UA=0.25)
X Load Case-5 (D1=0,58 @ LA=0.25)

1:2
345

l

Figure 7.33 Bearing capacity-qu bias plots for L/B = 1 very dense condition with matched design methods
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7.4.2 Measured versus Predicted for Medium Dense Condition

Figures 7.34 and 7.35 present paired design method bias plots for the values of N, s, Sq
and dq determined to be the best predictors for the medium dense condition. Further study of the
sq factor is performed here where the three methods in Section 7.1.2 were considered for in all
combinations. For the footings on medium dense sand, the method by Zhu was determined to
generally be the best performing based on bias (slope of linear trend line fit to data) and the R?
value. Plots of measured and predicted capacities using the other sq method (Vesi¢ and
Meyerhof) are in the Appendix. The design methods which display the best prediction values are
presented in lower right corner of Figure 7.35. Presented in Figure 7.36 are the bias plots for
design methods which poses their own depth, shape and inclination factors. The overall
predictions for the very dense soil condition were fairly representative. The prediction methods
that performed the best overall are listed below.

Medium Dense (L/B = 1) Paired Design Methods with Zhu-sq:

Load Case-1 (Df = 0): Zhu- N,

Load Case-1 (Ds = 0.5B): Hansen- N,

Load Case-2 (Dr = 0): Zhu- N,

Load Case-2 (Df = 0.5B): Vesi¢- N,

Load Case-3 (D= 0 & L/A =0.10): Zhu- N, with Loukidis fie

Load Case-3 (Ds = 0.5B & L/A =0.10): Hansen- N, with Hansen- i, and iq
Load Case-3 (Ds = 0 & L/A = 0.25): Zhu- N, with Vesic¢ - iyand iq

Load Case-3 (Ds=0.5B & L/A =0.25): Vesi¢ - N, with Loukidis fie

Load Case-4 (Ds=0 & L/A = 0.10): Vesi¢- N, with Hansen - i,and iq

Load Case-4 (Ds=0.5B & L/A =0.10): Hansen- N, with Vesi¢ - i, and igq
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Load Case-4 (D =0 & L/A =0.25): Zhu- N, with Loukidis fie

Load Case-4 (Df = 0.5B & L/A =0.25): Zhu- N, with Vesi¢ - iyand igq
Load Case-5 (D =0 & L/A =0.10): Zhu- N, with Loukidis fie

Load Case-5 (Df = 0.5B & L/A = 0.10): Zhu- N, with Loukidis fie
Load Case-5 (Df =0 & L/A =0.25): Zhu- N, with Loukidis fie

Load Case-5 (Df = 0.5B & L/A =0.25): Zhu- N, with Loukidis fie
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Figure 7.34 Bearing capacity-qu bias plots for L/B = 1 medium dense condition with paired design methods
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Figure 7.35 Bearing capacity-qu bias plot for L/B = 1 medium dense condition with paired and best design methods

256



MD, Vesic'N-y & Vesic'-i & i
30000 v os 'h 1

ey = 1,378 Fd 2
53 . R%=0.128 o .
8 25000 g .
= / o
£ 20000 % .
ﬂ_ _f
8 x ;fi! -
[=1] f’
£ 15000 7 e
.
1 8 L
3 10000 W= - ,'*
E é,.ﬁ': P
§ s000 @»’3
= i
F
o
] 10000 20000 30000
Predicted Beanng Capacity (psf)
MD, Meyerhof-M- & Meyerhof-iy & iq
30000 L.
e ¥ = 1,175 P 2
] o RZ = 0,287 -
8 25000 - ,fr s
P F #
s &
sl ’
& 20000 JE
] X % &
o &
£ 15000 .
m ’b’:’
ki 2
oM #
E weoot ¥ ﬁﬁg‘* %
: B
2 5000 .
=
0
(] 10000 20000 30000

Predicted Bearing Capacity (psf)

(=3
—

Measured Bearing Capacity

psf)
g
(=]

Measured Bearing Capacity |

30000

25000

20000

o a8 9

]
=
[=]
(=]

15000

g g
[=] [=]

MD, Hansen-M- & Hansen-iv & ig

e ¥ = 1601 f i
wRi=0243 S st
7 P
d
’-l"
x W i‘ 2

.-“- #
“.-": .
&

q‘é 3

B/,
@ F. &

=

o
,i; -

0 10000 20000 30000
Predicted Bearnng Capacity (psf)
MD, Best Methods

- g
....:.';1.200:: L
e RS = 0,310 i o
i
i
K
x ' fi " - ’*

&

FoF

'J

vo o f’?
i ﬁ’
A
0 10000 20000 30000

Predicted Bearing Capacity (psf)

O Load Case-1 [DI=0)

# Load Case-1 (Df=0 58)

 Load Case-2 (DIsD)

Load Case-2 [Df=0.58)

Load Case-3 [Dis0 @ LiA=0.10)
Load Case-3 (D=0 88 @ Lis=0.10)
Load Case [Df=0 @ Lik=0.25)
Load Case-3 [Of=0.58 @ LiA=0,25)
Load Case-4 (D=0 @ La=0.10)
Load Case-4 [DI=0.58 & LiA=0.10)
Load Gase-4 (Df=0 @ LIA=0,25)

¥ Load Case-4 (DI=0.58 & LiA=0.25)
O Load Cose-5 [Df=0 g LIA=0.10)

# Load Case-5 (Dfs0.58 & Lia=0.10)
%7 Load Case-5 (Dfs g LIA=D.25)

X Load CaseS [Df=0.58 @ Lin=0.25)

OB x<] #0 x

12
345

Figure 7.36 Bearing capacity-qu bias plots for L/B = 1 medium dense condition with matched design methods
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8.0 CONCLUSIONS AND RECOMMENDATIONS

A series of centrifuge tests of strip, rectangular, and square footings to model prototype

footings on very dense and medium dense sand subjected to concentric and inclined-eccentric

loads were conducted. The following are conclusions of: 1) the experiments to evaluate the

influence of footing embedment on the bearing capacity of when the footing is subjected to

inclined-eccentric loads and the effect on the bearing capacity for the direction of load inclination

relative to the direction of eccentricity and 2) comparison of results with existing methods to

estimate the bearing capacity and factors for overburden, soil self-weight, depth of embedment,

footing shape, load inclination, and eccentricity.

8.1 Conclusions for Rectangular Footing Bearing Capacity Tests

8.1.1 Rectangular Footing Conclusions for Very Dense Condition

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Dr = 0, the bearing capacity was 53.4% and 81.6%
less than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Dr = 0.5B, the bearing capacity was 54.9% and 68.9% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Ds = 0 the bearing capacity was 25.6% and 64.7% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 21.5% and 55.6% less
than the concentrically loaded footing with Ds = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-5 (eccentric-inclined loading with — load combination (reinforcing)) generally

showed less decrease in bearing capacity than Load Cases 3 and 4. When Dt = 0, the bearing
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capacity was 21.7% and 36.4% less than the concentrically loaded footing (Load Case-1) for
the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When Ds = 0.5B, the bearing
capacity was 20.1% and 27.6% less than the concentrically loaded footing with Df = 0.5B
(Load Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

Embedment of 0.5B had marked effect on the bearing capacity of all load cases. Bearing
capacity increased by 23.7% for Load Case-2 (eccentric load). Between tests of Load Case-3
(most critical), there was a 41.1% and 90% increase for the lateral-to-axial load ratios of 0.10
and 0.25, respectively. For Load Case-4, there was a 49.3% and 61.3% increase for the
lateral-to-axial load ratios of 0.10 and 0.25, respectively. For Load Case-5, there was a 46.2%

and 56.4% increase for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

8.1.2 Rectangular Footing Conclusions for Medium Dense Condition

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Ds = 0, the bearing capacity was 41.5% and 79% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 46.2% and 58.9% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Ds = 0 the bearing capacity was 30.6% and 72.2% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 24.2% and 39.6% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-5 (eccentric-inclined loading with — load combination (reinforcing)) generally

showed less decrease in bearing capacity than Load Cases 3 and 4. When Ds = 0, the bearing
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capacity was 18.2% and 28.2% less than the concentrically loaded footing (Load Case-1) for
the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When Ds = 0.5B, the bearing
capacity was 7.1% and 26.8% less than the concentrically loaded footing with Dr = 0.5B
(Load Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

Embedment of 0.5B had marked effect on the bearing capacity of all load cases. Bearing
capacity increased by 43.1% for load case 2 (eccentric load). Between tests of load case 3
(most critical), there was a 18.6% and 88% increase for the lateral/axial load ratios of 0.10
and 0.25, respectively. For load case 4, there was a 36.3% and 100% increase for the
lateral/axial load ratios of 0.10 and 0.25, respectively. For load case 5, there was a 40.1% and

29.6% increase for the lateral/axial load ratios of 0.10 and 0.25, respectively.

8.2 Conclusions for Square Footing Bearing Capacity Tests

8.2.1 Square Footing Conclusions for Very Dense Condition

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Ds = 0, the bearing capacity was 55.3% and 63.7%
less than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Dr = 0.5B, the bearing capacity was 48.2% and 62.9% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Ds = 0 the bearing capacity was 40.8% and 56.7% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 36.6% and 56.5% less
than the concentrically loaded footing with Ds = 0.5B (Load Case-1) for the lateral-to-axial

load ratios of 0.10 and 0.25, respectively.
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Load Case-5 (eccentric-inclined loading with — load combination (reinforcing)) generally
showed less decrease in bearing capacity than Load Cases 3 and 4. When D+ = 0, the bearing
capacity was 9.9% and 26.9% less than the concentrically loaded footing (Load Case-1) for
the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When Ds = 0.5B, the bearing
capacity was 15.3% and 20.9% less than the concentrically loaded footing with D¢ = 0.5B
(Load Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

Embedment of 0.5B had marked effect on the bearing capacity of all load cases. Bearing
capacity increased by 55.7% for Load Case-2 (eccentric load). Between tests of Load Case-3
(most critical), there was a 78.8% and 64.3% increase for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. For Load Case-4, there was a 64.3% and 58.5% increase for the
lateral-to-axial load ratios of 0.10 and 0.25, respectively. For Load Case-5, there was a 56.9%

and 69.3% increase for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

8.2.2 Square Footing Conclusions for Medium Dense Condition

Load Case-3 (eccentric-inclined loading with + load combination (partially compensating)) is
the most critical of all the cases. When Ds = 0, the bearing capacity was 33.4% and 67.9%
less than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Dr = 0.5B, the bearing capacity was 45.7% and 44.4% less
than the concentrically loaded footing with Df = 0.5B (Load Case-1) for the lateral-to-axial
load ratios of 0.10 and 0.25, respectively.

Load Case-4 (inclined loading): When Ds = 0 the bearing capacity was 42% and 61.8% less
than the concentrically loaded footing (Load Case-1) for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. When Ds = 0.5B, the bearing capacity was 14.5% and 28.5% less
than the concentrically loaded footing with Ds = 0.5B (Load Case-1) for the lateral-to-axial

load ratios of 0.10 and 0.25, respectively.
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e Load Case-5 (eccentric-inclined loading with — load combination (reinforcing)) generally
showed less decrease in bearing capacity than Load Cases 3 and 4. When D+ = 0, the bearing
capacity was 18.3% and 21.3% less than the concentrically loaded footing (Load Case-1) for
the lateral-to-axial load ratios of 0.10 and 0.25, respectively. When Ds = 0.5B, the bearing
capacity was 6.7% and 8% less than the concentrically loaded footing with Ds = 0.5B (Load
Case-1) for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

e Embedment of 0.5B had marked effect on the bearing capacity of all load cases. Bearing
capacity increased by 45% for Load Case-2 (eccentric load). Between tests of Load Case-3
(most critical), there was a 18.2% and 88.6% increase for the lateral-to-axial load ratios of
0.10 and 0.25, respectively. For Load Case-4, there was a 75.2% and 94.8% increase for the
lateral-to-axial load ratios of 0.10 and 0.25, respectively. For Load Case-5, there was a 52.3%
and 54.6% increase for the lateral-to-axial load ratios of 0.10 and 0.25, respectively.

8.3 Recommendations

Methods to estimate the bearing capacity of the footings tested in this study include those
recommended by AASHTO Bridge Design Specifications and existing methods in the literature.

These mostly vary on the soil self-weight factor, N,, and the inclination factors iq and i,. Depth of

embedment factors from Meyerhof and multiple shape factors (Vesi¢, Meyerhof, and Zhu)

compared well with the results and were used in the bearing capacity analysis together with the
inclination factors. For the rectangular footing (L/B = 10) on very dense sand, the Hansen N, with

Hansen iq and iy, the Vesi¢ and Zhu N,with Loukidis fie (factor to account for eccentric-inclined

load), and Hansen N, with Loukidis fie resulted in good agreement with most cases tested. For the

rectangular footing (L/B = 10) on medium dense sand, the Vesi¢ N, with Loukidis fie and Zhu

N,with Loukidis fie resulted in good agreement with most cases tested. For the square footing
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(L/B = 1) on very dense sand, the Hansen N, with Hansen iq and i,, Hansen N, with Vesi¢ iq and
i, and Zhu N,with Loukidis fie resulted in good agreement with most cases tested. For the square
footing (L/B = 1) on medium dense sand, the Vesi¢ N, with Hansen iq and i,, Hansen N, with

Vesi¢ ig and iy, Zhu N,with Loukidis fie resulted in good agreement with most cases tested.
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APPENDICIES OF MEASURED VERSUS PREDICTED BEARING CAPACITY PLOTS
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Figure A2 Bearing capacity-qu bias plots for L/B = 10 medium dense condition with paired and best design methods using Vesic¢ Sq
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Figure A3 Bearing capacity-qu bias plots for L/B = 1 very dense condition with paired design methods using Vesi¢ Sq
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Figure A4 Bearing capacity-qu bias plots for L/B = 1 very dense condition with paired and best design methods using Vesi¢ Sq
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Figure A5 Bearing capacity-qu bias plots for L/B = 1 medium dense condition with paired design methods using Vesi¢ Sq
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Figure A6 Bearing capacity-qu bias plots for L/B = 1 medium dense condition with paired and best design methods using Vesi¢ Sq
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Figure A7 Bearing capacity-qu bias plots for L/B = 10 very dense condition with paired design methods using Meyerhof sq
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Figure A8 Bearing capacity-qu bias plots for L/B = 10 very dense condition with paired and best design methods using Meyerhof sq
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Figure A9 Bearing capacity-qu bias plots for L/B = 10 medium dense condition with paired design methods using Meyerhof sq
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Figure A10 Bearing capacity-qu bias plots for L/B = 10 medium dense condition with paired and best design methods using Meyerhof sq
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Figure A1l Bearing capacity-qu bias plots for L/B = 1 medium dense condition with paired design methods using Meyerhof sq
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Figure A12 Bearing capacity-qu bias plots for L/B = 1 medium dense condition with paired and best design methods using Meyerhof sq
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Figure A13 Bearing capacity-qu bias plots for L/B = 10 very dense condition with paired design methods using Zhu sq
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Figure Al4 Bearing capacity-qu bias plots for L/B = 10 very dense condition with paired and best design methods using Zhu sq
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Figure A15 Bearing capacity-qu bias plots for L/B = 1 very dense condition with paired design methods using Zhu sq
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Figure A16 Bearing capacity-qu bias plots for L/B = 1 very dense condition with paired and best design methods using Zhu sq
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