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FOREWORD

This report presents the results of a comprehensive investigation of the
performance of spread footings as a support for highway bridge abutments
and piers. The observations included precise measurements of settiement,
tilt, contact stresses, and applied loads. Comparisons between predicted
settlement calculations and actual measurements were made to evaluate
several commonly used predictive techniques. This report will be of
interest to bridge engineers and geotechnical specialists concerned with
the design of bridge foundations.

Sufficient copies of the report are being distributed by FHWA Bulletin
to praovide a minimum of two copies to each regional and division office,
and three copies to each State highway agency. Direct distribution is
being made to division offices.

Richard E. , Director
Office of EnYdineering anmd Highway
Operations Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The U.S5. Government
assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the contractor, who is
responsible for the accuracy of the data presented herein. The contents do
not necessarily reflect the official policy of the Department of
Transportation.

This report does not constitute a standard, specification, or regulation.
The U.S. Government does not endorse products or manufacturers. Trade or

manufacturers' names appear herein only because they are considered essential
to the object of this document.
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1. INTRUDUCTION

1.1  BACKGROUND

The selection of a foundation system for support of a highway bridge
involves consideration of performance and cost. By performance, the
founoation must provide the bearing capacity required to support the piers,
abutments and deck and must not develop excess settlement which would damage
the structure including bridge decking and related wing walls etc. In
situations where the choice of foundations is obvious, the designer does not
have to make a difficult choice; e.g., the use of piles to support a
foundation overlying soft compressible organic soil or clay or the use of
footings on rock. Hhowever, in other subsurface conditions, particularly
cohesionless sand or silt, the designer can face a situation where cost and
performance must be more carefully evaluated. The cost savings for use of a
shallow spread footing foundation may be calculated with some confidence.
The designer must also be able to predict and evaluate performance,
particularly settlement performance with similar confidence.

This study ot the performance of bridge foundations on sand was undertaken
to provide a case history basis for understanding the actual time-settlement
behavior of typical spread footing foundations on sand or cohesionless

soil. In addition, standard geotechnical methods for prediction of
settlement were compared to the actual settiement.

Luring a period of approximately 3 years, 21 foundations were monitored from
initial construction through completion and actual use. The bridges
performed satisfactorily with post deck settlement averaging about 0.25 in.
Methoas for prediction of total settlement utilized readily available
parameters such as standard penetration resistance (SPT or N values} and
cone penetration data to evaluate soil compressibility and allow empirical
prediction of settlement. Predicted total settiement was, on average,
within 0.4 in. of observed total settlement.

1.2 PURPOSE ANUVSCOPE

The research stuay involved several subtasks as outlined below:

0 Develop and implement a geotechnical instrumentation monitoring system
to record settlement, tilt and related performance of bridge
foundations. Ten case history bridge sites were selected and monitored.

¢ Ubtain reliable data on the settlement performance and develop a
computerized data base system for storage and retrieval and analysis of
the data. The program was developed and used to store and present data
for the report. Copies of the program are available.



o HKeview and evaluate the methods for predicting settlement of footings on
sand and select appropriate methods to predict settlement behavior.
Ultimately five methods were selected for study.

0 Prepare a manual for application of risk-based analysis methods to
geotechnical design problems with particular application to shallow
foundation design. The users manual was completed as a separate
document and is availabie through NTIS,

0 Design of shallow foundations on rock was also reviewed. Design
recommendations were provided linking conventional geology concepts,
rock core analysis and allowable bearing capacity for use by bridge
foundation designers.

Each of the tasks have been presented in separate chapters of tne final
study report. In addition, a 30-minute video tape presentation was prepared
summarizing the results of the study and indicating the cost benefits of
spread footings.

1.3 ACKNUWLEDGEMEN1S

The Departments of Transportation in each State contributed greatly to this
study, cooperating and assisting with the implementation of instrumentation
program. Lontract documents prepared by Haley & Aldrich, Inc, were issued
through each State as part of bid documents or through the addenda process
and established an orderly methed for interaction with the bridge
contractors. The assistance of each Lepartment with these practical
contract matters was key to the success of the program. Tne selection of
the 10 case study bridge sites was completed after a review of bridge design
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2. MONITORING BRIDGE FOUNDATION PERFORMANCE

2.1 INTRODUCTION

General

The following report sections provide a summary of a field instrumentation
and monitoring program completed on ten selected highway bridges. The
program provided well-documented settlement performance data on the initial
through post construction stages of each of these bridges so that the actual
settlement of each bridge could be compared with the predicted settlement
using the appropriate analysis procedures.

Objectives and Scope

The objective of the bridge foundation performance monitoring program was to
provide reliable performance data to confirm that spread footing foundations
bearing in sand can support bridges equally well compared to more expensive
piles or other deep foundation systems. In order to accomplish this task,
the following program was undertaken:

o Select ten candidate bridges for performance monitoring to be
constructed in a time frame consistent with the anticipated duration of
the proposed study.

o Determine important parameters to be monitored to document satisfactory
foundation performance.

o Develop a basic, low cost and reliable instrumentation system to monitor
important behavioral parameters.

o Install the instrumentation system at each of the candidate bridges.

0 Monitor candidate bridge performance both during and following
construction.

o Develop and provide a computerized data storage and retrieval system for
use in processing and summarizing the data obtained.

2,2 SELECTION OF CANDIDATE BRIDGES

General

Proposed bridge construction plans and construction schedules were reviewed
at the Departments of Transportation in the six New England States, New York
and Pennsylvania to select a total of ten candidate bridges to be
instrumented and monitored. Evaluation criteria were established in order to
review each potential bridge site prior to the selection of the candidate
bridges.



Evaluation Criteria

Potential bridge sites were reviewed in conjunction with the following
criteria:

a. Bridge to be located within the New England or Middle Atlantic States.
b. Bridge to be representative of general highway construction.

c. Bridge foundations to consist of spread footings bearing in granular
soils.

d. Basic test boring and laboratory soil test data had to be available.

e. Design and construction schedule to be within a time frame consistent
with the anticipated duration of the research project.

Following review of all the anticipated bridge construction activity
proposed for the research area, ten candidate bridges were selected for
instrumentation and performance monitoring. Instrumentation plans were
prepared and arrangements were made to add the proposed instrumentation work
into portions of the formal contract documents for each candidate bridge.

Summary of Candidate Bridges

Candidate bridges were located in Connecticut, Massachusetts, New York,
Rhode Island and Yermont at the locations shown in figure 1. A case history
summary sheet for each of the bridges has been prepared and included in
appendix A. Each summary sheet includes a photograph of the completed
structure and information on the bridge location, structural design
features, general subsurface information, construction data and a summary of
the instruments installed at the bridge site.

As noted in the summary sheets, four of the instrumented bridges were single
span structures. Two double-span and three 4-span bridges were also
monitored in addition to a single 5-span structure. Nine of the structures
were designed to carry highway traffic while one instrumented bridge
consisted of a 4-span railroad bridge across an Interstate highway. The
bridges included 5 simple-span and 5 continuous-beam structures.

Subsurface bearing soils beneath the spread footings at each of these
bridges range from naturally deposited sand and gravel from approximately 20
to 90 feet thick to compacted granular fill ranging from approximately 4 to
28 feet in thickness. Compressible silt strata were present beneath the
granular foundation bearing soils at two bridge sites. Foundation
preparation at these sites required the placement of embankment preloads
prior to the construction of these structures. Test boring location plans
for each candidate bridge have been included as appendix B. Refer to
chapter 3 for further discussion of test boring data.
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Figure 1. Instrumented bridge Tocations.

2,3 SELECTION COF PERFORMANCE PARAMETERS

General

The design of spread footing foundations on granular soils is generally
governed by tolerable settlement criteria. Therefore, foundation settlement
was determined to be the most important performance parameter to be
monitored. In addition, tilt/overturning of the bridge structures was also
monitored to provide a practical indication of structure movement and to
allow comparison with contact stress. At five selected bridges, applied
loads and corresponding foundation contact stresses were also monitored.

The following sections provide a generalized description of how the
parameters were monitored throughout the course of the study. Detailed
descriptions of the geotechnical instrumentation systems utilized are
presented in separate sections.



Foundation Settlement

Settlement of the bridge structures was monitored at each bridge site using
equipment shown in figure 2, In addition to bridge structure settlement,
deep seated soil compression was monitored at two bridge sites, using
equipment shown in figure 3, to determine the distribution of soil
settlement with depth.

Traditional optical survey techniques utilizing fixed reference points
comprised the primary method of monitoring movements of the bridge
structures both during and after construction. Monitoring of the settlement
of the heel of a buried abutment footing was accomplished using a
"settlement profiler" which will be described in subsequent sections.

Foundation Contact Stress

At five selected bridges, actual load applied to the foundation bearing
soils was monitored in the form of contact or bearing stress. These applied
stresses are responsible for the development of compression of the granular
subgrade soils and corresponding bridge foundation settlement. Therefore,
it was determined that the total contact stress applied to the foundation
bearing soils be measured at various locations beneath individual bridge
footings as shown schematically in figure 4,

These measurements were made by installing an array of contact stress cells
beneath an individual footing which provided measurements of contact stress
at each cell location. In addition, review of these data with respect to
the spacial location of each cell beneath the footing provided an indication
of the distribution of contact stress beneath the footing.
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Figure 2, Settlement equipment for structures.
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Applied Loads

Actual Toad which is applied to the bridge foundation represents another
important parameter. It is this load which the bridge designer should use
to estimate settlement and establish the corresponding size of the spread
footings. This parameter is difficult to monitor, Insertion of load cells
beneath beam seats would register actual load of the deck system and live
load. However, the measurement would only record 10 to 20 percent of the
total load at footing Tevel. Moreover, several departments expressed
reluctance to interfere with the normal bridge seat geometry and design.

Consequently, a decision was made to compute applied loads based on the
actual volumes and unit weights of the materials used to construct the
bridge. These data were obtained from the individual bridge design plans
and construction documentation such as the actual number of cubic yards of
concrete placed or the number of tons of steel actually installed. In order
to measure the impact of traffic loading, arrangements were made at several
bridge sites to provide a controlled loading of the completed structures
using loaded trucks of a known weight., These bridge load tests, illustrated
in figure 4, consisted of placing loaded trucks at various locations on the
completed bridge deck and monitoring the changes in the settlement and
stress instrumentation. These data provided calibration of bridge and
instrument behavior in response to a known live load.

Tilting

The tilting or overturning of the individual bridge structures was
determined to be an important performance parameter to monitor since
overturning is normally analyzed as part of an abutment wall design.

The tilt of abutment stem walls and selected pier columns was monitored
throughout construction utilizing fixed reference points and a portable
tilt-sensing accelerometer shown in figure 5. 1n addition, profiles of
settlement across the tops of abutment wall footings obtained through the
use of the settlement profiler device also provided another measurement of
overturning.
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Figure 5, Tilt measurement equipment.



Data obtained from successive monitoring of overturning during construction
provided an indication of the relative stiffness of the moment connection
between the foundation footing and the abutment wall/pier primarily in
response to placement of earth backfill and traffic loads. 1In addition, the
footing settlement profiles obtained with the profiler device provided an
indication of the overall footing behavior during construction and was
reviewed in conjunction with the tiit/overturning data and distribution of
contact stresses.

2.4 GENERALIZED DESCRIPTION OF INSTRUMENTATION SYSTEMS

General

The instrumentation systems developed for performance monitoring of the ten
candidate bridges consisted of the implementation of a partial
instrumentation system on five bridges, a full instrumentation system on the
remaining five bridges and a data storage, processing and retrieval system.
The goals of the instrumentation program were to develop a simple, 1ow-cost
and reliable system to monitor key performance parameters necessary to
document satisfactory bridge performance. The system was to be capable of
being used by qualified FHWA and State Department of Transportation
personnel.

The following sections provide a description of the various aspects of the
instrumentation systems developed. Figures 6 and 7 provide a conceptual
representation of the partial and full instrumentation systems and appendix
C contains instrumentation plans used for a fully instrumented bridge,
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Figure 6, Conceptual plan: partially instrumented bridge.
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Figure 7. Conceptual plan: fully instrumented bridge.

Partially Instrumented Bridges

Five of the candidate bridges were selected to receive partial
instrumentation systems which were developed to monitor settlement and
overturning. The implementation of these instrumentation systems required
the installation of fixed reference points on the individual bridge

structures and periodic monitoring of these points during the construction
process.

Reference points used for the project consisted of two types. For
measurement of footing settlement, exposed ends of rebar cast into the
footing or a length of 1-in steel pipe nipple threaded into pipe couplings
cast into the footings were used as reference points. Abutment, wingwall
and pier settlement was monitored with reference points developed for use
with both the settlement and tilt monitoring equipment. These reference
points consisted of stainless steel anchor rods cast directly into selected
locations at individual bridge structures. The exposed ends of these rods
presented a female thread which received a removable reference point
consisting of a 1-in dia. stainless steel ball at the end of a male thread.
By screwing the reference point balls into the anchor rods, a rounded, well
defined reference location was established which could be monitored and
subsequently removed to prevent damage due to construction activity or
vandalism. The basic pieces are shown in figure 8.
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Figure 8, Settlement monitoring reference points.

Settlement monitoring of the partially instrumented bridges was accomplished

by traditional optical survey methods. However, specialized survey
equipment and procedures were utilized to provide measurement of settlement
to within + 0.005 ft (+1/16-in). Equipment included a Lietz Model B-1
automatic Tevel equipped with a parallel plate micrometer and a Wild 10 ft
invar rod. Specialized procedures included balanced fore and backsight
distances, rounded, well defined turning points, maximum site distances of
/5 ft, and a bubble level to plumb the rod for each reading.
Tilt/overturning was monitored with the use of a Slope Indicator Co. (SINCO)
~tiltmeter system consisting of a Model 50306 Digitilt indicator and a Model
50344 Tiltmeter sensor. A SINCO Model 50373 brass tilt plate was mounted to
a specially fabricated portable tilt measurement bar provided by Geokon,
Inc. as shown in figure 9. A "Vee" notch along the length of the rear side
of this portable measurement bar was designed to be placed on a pair of
stainless steel reference points installed about 3 ft apart along an
imaginary vertical line on the bridge structure. The tiltmeter sensor was
then placed on the brass tilt plate and the corresponding signal monitored
with the portable indicator. Data was recorded manually and the
corresponding angle of the tilt plate from vertical was subsequently
computed. Figures 10 and 11 show the use of the tiltmeter monitoring system.

n



Figure 10, Tiltmeter measurement
system,
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Fully Instrumented Bridges

Five bridges were selected to receive full instrumentation systems which
were developed to provide the overall foundation performance data. In
addition to tilt and settlement, the full instrumentation system provided
for the measurement of additional parameters which included settlement
profile, deep seated settlement, foundation contact stress and applied
loading. As in the partial instrumentation system, the fully instrumented
bridges were monitored at key stages in the construction process to document
the ongoing effects of construction on the foundation performance. The
following paragraphs describe the procedures used to measure these
performance parameters. In addition, appendix C contains typical contract
documents used to describe a fully instrumented bridge system implemented
during the research.

The profile of settlement across backfilled abutment footings was monitored
using a remote settlement profiling device designed and assembled in
cooperation with Geokon, Inc. This device, which was monitored from an
instrumentation manhole constructed at the toe of the footing, permitted
remote monitoring of settlement of the buried portion of the footing. Data
was obtained throughout construction and after opening of this bridge to
traffic without interfering with these operations.

The settlement profiler consisted of a sensor which was traversed through a
PVC conduit fixed to the top of the abutment footing. The sensor was
connected via a mercury filled nylon tubing to a fixed mercury reservoir
placed at a known elevation. The mercury head differential between the
reservoir and the sensor was measured at each of the traverse points along
the PVC conduit thereby providing a measurement of the top of the footing
along the line of the PYC conduit. Mercury was chosen as the fluid because
of its high density which allowed determination of settlement to within
+1/8 in.

Deep seated settlement was measured at two bridge sites where compressible
silt strata were found to underlie the granular foundation bearing soils.
This settlement, associated with the consolidation of these compressible
soils, was subtracted from the settlement measured directly on the
individual bridge structures to determine the net settlement attributed to
compression of the granular foundation bearing soils.

Traditional settlement platforms shown in figure 3 comprised the first deep
settlement monitoring system, A settlement platform consisted of a steel
riser pipe attached to a plywood board which was placed on a subgrade
surface. The tops of the steel riser pipes were monitored with optical
surveys to measure settlement of the plywood platform as backfill was placed.

A second deep settlement measurement method utilized the Slope Indicator
Company SONDEX system illustrated in figure 3. This system uses a
compressible corrugated polyethylene pipe installed in a drilled borehole.
Reference points consisting of wire rings were wrapped around the outside of
the pipe at 5-ft increments. The depth to these reference points was
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measured with the SONDEX sensing probe. The corresponding. elevation was
computed as construction proceeded. These data provided a profile of
settiement vs depth below the instrumented bridge footings.

Specially fabricated contact stress cells recorded the contact bearing
stress between the base of the bridge footings and the bearing soil. These
stress cells were distributed across the base of the abutment footings as
shown on the instrumentation plans included in appendix C. These
instruments were placed with the pressure sensitive face directly on the
subgrade bearing soils while the insensitive back cell face, comprised of a
1/2 in thick steel plate, was cast directly into the footing. Readout
cables for these stress cells were tied to the footing rebar cage prior to
‘concrete placement and were terminated at the location of instrumentation
manholes which were subsequently constructed at the toe of the abutment
footing. These cells provided a measure of both the magnitude and
distribution of contact stress beneath the footing.

Test loads were applied to the fully instrumented bridge structures. Tests
were completed by placing loaded trucks of known weight at various locations
on the completed bridge structure prior to opening the structure to

traffic. With these loads in place, all the instruments at the bridge were
monitored in order to document their response to the placement of the known
applied loads. In general, the test loads resulted in recoverable stress
changes and settlement, representing only a small percentage of total
applied load or total observed settlement,

Data Storage and Retrieval System

A data processing system was developed for use in processing, tabulating,
plotting and storing instrumentation data obtained for the ten instrumented
bridges. Modified DBASE Il software was developed to handle data from the
seven instrument types used during the research which included Optical
Settlement Survey, Tiltmeter, Contact Stress Cell, Settlement Platform, Load
Cell, SONDEX and Settlement Profiler. The software is menu-driven and is
designed for use with an IBM-PC XT microcomputer equipped with a line
printer and an HP Model 7475A plotter. Data may be reviewed visually on the
PC monitor screen or printed in tabular form on the 1ine printer. In
addition, the plotter may be used to prepare a graph of 1nd1v1dua11y
measured parameters vs elapsed time.

A1l of the data obtained during the study was processed with this newly
developed software and was stored on floppy diskettes. In addition, a
user's manual for the software package was prepared. The manual, program,
and copies of the project data are available upon request.

14



2.5 SUMMARY OF INSTRUMENTATION DATA

General

The following sections provide a general summary of the instrumentation data
obtained during the study. A summary of the numerical values of the
parameters measured at each bridge is provided in table 1. A1l the
instrumentation data obtained during the project has been stored on floppy
diskettes. The comparison between actual and predicted settlement
performance is summarized in detail as part of the work completed under a
separate task and is presented in chapter 3 of this report.

Settlement as a Function of Applied Loads

The construction of the individual instrumented bridges gradually applied
load and corresponding foundation stresses to the granular foundation
bearing soils. In direct response to key construction phases such as
abutment wall construction, backfill placement, girder placement, bridge
deck construction, etc., corresponding settlement of the bridge structures
were monitored. Settlement developed in response to footing construction
was not measured since the settlement reference points were initially cast
into the footing concrete.

As described in the following section, about 70 percent of the total
settlement occurred prior to the placement of the bridge deck structure.
The settlement developed during the period when the majority of the design
loads were placed on the spread footing foundations., During the test truck
loading and subsequent traffic loading, little or no incremental settlement
was observed. These loads represented only a small percentage increase in
the total structural load already in place on the footings.

Settlement as a Function of Time

As indicated in table 1 and the bar graph included as figure 12, total
settlement monitored at each of the instrumented bridges ranged from 0.02 to
2,72 in with an average total settlement of 0.61 in (less than 3/4 in}.

Note that consolidation settlement of underlying compressible silt at bridge
nos. 1 and 4 (Burlington, YT and Colliersville, NY) ranged from 0.66 to 0,99
in which was subtracted from the total observed settlement to provide net
settlement values attributed to elastic compression of the granular
foundation bearing soils.

When settlement is plotted against elapsed time however, it is apparent that
a large;portion of the observed total settlement developed prior to the
placement of the bridge deck structure. This typical behavior is displayed
in figure 13. For the ten instrumented bridges, the total post deck
settlement ranged from 0.02 to 0.85 in with an average post deck settlement

15



Table 1. Ranges of measured parameters.

SETTLEMENT (IN.)

BRIDGE BRIDGE STRUCTURAL CONSOLI-
NO. LOCATION FELEMENT TOTAL DATION
o1 Burlingeton, Abutment 1.00 te 0.66 to
VT. No. 1 1.33 0.97
Abutment 0.58 to NM
No. 2 0.76
002 Cheshire, Abutment 0.78 to NA
CT. No. 1 1.15
Plez .58 to NA
0.65
Abutmeat 0.73 to NA
No. 2 0.80
003 E.Providence West 0.37 to NA
R.I. Aburment 0.46
Fler 1 0.02 to NA
0.24
Pler 2 0.24 to NA
0.29
Pler 3 0.97 to NA
0.98
East 0.46 to NA
Abutment 0.64
004 Colliers~- South 1.06 to 0.72 to
ville, NY Abutment 1l.21 0.74
Pler NH NM
North 0.30 to NM
Abutment ¢.38
605 Uxbridge, North 0.16 to NA
MA Abutment 0.28
Sauth 0.10 to NA
Abutment 0.86
006  cheater, East 2.18 to NA
vT Abutment 2.72
No. 1
West 0.76 to NA
Aburment 0.95
No. 2
007 Manchester, Abutment NM NA
cT No. 1
Pler 1 0.60 to NA
1.07
NA Not Applicable

NM

Nor Measured

N

0.34
0.36

NH

NA

NA

NA

NA

NA

NA

NA

NA

NM

NA

NA

NA

NA

NA

NA

-

[+]

to

TILT
(DEGAEES) CONTACT
Facel WINGWALLS STRESS (KSF) BEMARKS
0.020 to -0.017 to 2.39 to Sondex Settle-
0.022 0.018 18.71 pmeat 0.79 in.
0.058 to 0.602 to NH Congolidarion
0.078 0.020 Settlement not
monitored
0.011 to NM 4.06 to Bridge not cam-
0.018 8.98 plete as of 6/86
=0.030 to NA NM Deck Elnished
0.017
—0.108 to NM NH
0.057
-0.021 to NM NM
-0.044
-0.032 to NA NM
=-0.044
—0.020 to NA NM
=0.031
—0.065 to NA NM Disturbed sub-
0.017 grade solls
0.001 to NM .30 to
0.015 4,34
-0.014 to 0.031 to 0.17 to
-0.031 -0.011 1.89
NM NH NM Pile foundations
—0.038 to -0.005 te NM Consolidation
-0.040 =0.010 gettlement not
monltored
-0.0246 o -0.008 to NM
-0.117 -0.105
—0.040 to 0.011 ro 0.28 ta
G.236 0.236 2.03
—0.037 to NM NK Disturbed sub-
-0.063 grade soils
0.052 to NH NM
0.080
NM NH NM
NM NM

NA

(+) Tilt denocres movement of the top of the abutment/wingwall/pler away froam
the side on which the reference polnts are installed.
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Ranges of measured parameters (continued).

Table 1,
SETTLEMENT (IN.)
BRIDGE BRIDGE STRUCTURAL CONSOLI-
NO. LOCATION ELFMENT TOTAL DATION NET
007 HManchester, Pier 2 NM NA NA
CT (cont.)
Pler 3 M NA NA
Abutment 0.20 to NA NA
No. 2 0.64
008 Manchestar, Abutment 0.42 to NA NA
cT No. 1 0.59%
Pler 1 0.32 to NA NA
0.36
Pler 2 NM NA NA
Pler 3 NM NA NA
Abutment 0.61 to NA NA
No. 2 1.04
009 Hanchester, Abutment 0.49 to NA NA
cT No. 1 0.78
Abutment .19 to NA NA
No. 2 0.37
010 Manchester, Abutment -0.01 to NA NA
CT No. 1 -0.04
Pler 1 -0.04 to NA NA
-0.05
Pler 2 -0.04 to NA NA
-0.05
Pler 3 =0.02 o NA NA
-0.08
Fler 4 0.04 to NA NA
0.08
Abutment 0.34 to NA NA
No. 2 0.60

NA Not Applicable

NM  Net Measured

TILT
(DEGREES ) CONTACT
FACEL WINCWALLS  STHESS (KSP)  REMABRES
NM NA N
M NA NM
-0.058 to NM NM
-0.077
=-0.021 to NM NN
0.001L
ity NA NM
Nx NA NM
NM NA NM
-0.055 to NM NM
-0.085
-0.063 to -0.038 to NM
0.090 ~0.08L
~0.114 ta  0.054 to NM
0.137 -0.088
NM WM KM Post-construc-
tion settlement
only
NM NH NM
NM NM NM Post—~conBrruc—
tion settlement
only
NM NM NM Post-construc-
tion settlement
only
NM NN NM PoBL-CODST ruc~
tion settlement
only.
NM NM NM Post~congtruc-

1. {+4) Tilt denotes movement of the top of the abutment/wingwall/pler away Erom
the slde on which the reference points are installed.
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Figure 12. Measured settlement.

of 0.21 in (1ess than 1/4 in) as shown in figure 14. 1In addition, it is
important to note that 1ittle additional settlement of the instrumented

bridges was observed for the one to two year period after the opening of
these structures to traffic.

Tilting

Data cbtained from the tiltmeter measurement system indicate that the
abutment walls of the instrumented bridges tilted (overturned) from 0.23
degrees towards the approach backfill to 0.12 degrees away from the approach
backfill. The mean value of observed abutment wall tilt was 0.023 degrees
towards the approach backfill indicating that overall, the instrumented abut-
ment walls were subject to 1ittle or no overturning. These data are dis-
played in the bar graph included as figure 15 and summarized in table 1.

By comparison, for the active earth pressure case to develop, a wall deflec-

tion equal to 0.005 times the height is often stated as a guideline (Lambe &
Whitman, 1969). This guideline is equivalent to a tilt of 0.3 degrees.
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Figure 13, Typical settlement vs time.
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Figure 14. Post deck settlement.

19



4 W POSITIVE
75 TILT

Sign Convention:

Positive tilt is defined as a tilt of the top

of the abutment wall toward the approach backfill.
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Figure 15. Tilt of abutment walls.
Based on the conflicting behavior of tilt developing both towards and away

from the approach backfill, no general conclusions were drawn on the
anticipated direction and magnitude of tilt at these structures other than

to conclude that tilt/overturning was in effect very small, and would
indicate the active pressure condition was not mobilized.
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Foundation Contact Stress Distribution

To evaluate the distribution of contact stress beneath the abutment wall
foundations, a total of eight to ten contact stress cells were placed at
various locations across the base of the abutment wall footings at the fully
instrumented bridges. Data from these instruments were to be used in
conjunction with the tilt/overturning data to evaluate the general abutment
wall/footing behavior conceptualized as shown in figure 16.

ABUTMENT FOOTING INITIAL CONDITION
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¢ BRIDGE STRUCTURE
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CONTACT STRESS
ABUTMENT FOOTING AFTER CONSTRUCTION

Figure 16, Contact stress and tilt - theoretical medel.
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Data from the stress cells presented in figure 17 was generally found to be
somewhat erratic and different from the anticipated values based on
computation of the applied foundation bearing stresses, However, average
contact stress values for three of the five fully instrumented bridges
agreed reasonably well with the foundation bearing pressures.
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H&A coMPuTATIONS'?  3.65 2.64 2.85 2.82 2.85 ksf
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PRESSURE,
NOTE: (1) INCLUDES WEIGHT OF CONCRETE IN FOOTING ksf

Figure 17. Stress cell data - graphical Summary.

Measured stresses should be compared only to carefully computed design
stresses including the weight of the concrete footing. Design stresses
noted on contract drawings often reflect maximum allowable values, not the
actual design value.

Individual cell readings often showed marked variations from the average
values. Cells at the toe of the footing could register lower stresses than
at the heel or centerline. At the Uxbridge, MA bridge site, for example,
stress cell data shown in figure 18 for the south abutment illustrate the
random pattern of readings.

The reasons for the erratic stress cell behavior are believed to be the
result of several factors which include: local variations in the subgrade
foundation bearing soils, temperature effects during curing of the concrete
footings and an insufficient number of these expensive stress cells to
provide statistically meaningful results.
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Figure 18. Stress cell data for Uxbridge, MA,

2.6 EVALUATION OF INSTRUMENTATION PROGRAM

General

The following sections provide a summary of the individual instrumentation
equipment used during the project and comments on its use and performance.
In addition, evaluation comments are provided for both the partial and total
bridge instrumentation systems.

Partially Instrumented Bridge System

The use of the partial instrumentation system, designed to monitor
settlement and tilt was determined to be most effective in terms of cost,
complexity and results. The parameters monitored by this system are judged
to be the most important in the evaluation of satisfactory bridge
performance and are easy to comprehend and monitor. The partial system was
especially easy to implement on bridges which had progressed into the
construction phase. The instrumentation work involved did not require the
preparation of lengthy contract documents and did not impact the
contractor's construction sequence, thereby adding to the cost of the
project.



Fully Instrumented Bridge System

The fully instrumented bridge system, designed to monitor the parameters of
settlement, deep settlement, settlement profile, tilt, contact stress and
applied loading provides the opportunity to monitor a wider range of
important performance parameters and offers flexibility in the means of
measuring these parameters.

In general, all of the instrumentation equipment utilized in the fully
instrumented bridges performed satisfactorily with the exception of the
erratic data obtained from the contact stress cells as previously noted.
However, there are several drawbacks to the use of the full instrumentation
system which include:

o The system requires the use of sophisticated equipment and readout
techniques. Consequently, personnel with background and experience in
instrumentation are required to install and monitor the instruments.

o Close coordination with bridge design and construction are required as
many items must be effectively incorporated into the bridge contract
documents and executed in strict accordance with the contractor's
construction scheduie.

0 The full instrumentation system is relatively expensive to implement.
Premium costs include scophisticated instrument sensors and readout
equipment, preparation of contract documents and the experienced
personnel required to install, monitor, process and interpret the
instrumentation data.

2.7 RECOMMENDATIONS

Instrumentation Systems

The use of the partial instrumentation system to monitor settlement and tilt
was judged to be the most satisfactory and cost effective system for
documenting bridge performance. The relatively small cost of the system
combined with the overall ease of implementing the program and its overall
satisfactory performance make it the most promising system for continued
long-term use by FHWA and/or individual State DOT's.

Use of the full instrumentation system should be limited only to more
advanced research oriented purposes. The relatively high cost of the system
combined with the fact that the system requires personnel experienced in
instrumentation programs makes the full instrumentation system less
desirable for continued routine use.
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Coordination of Effort

During the course of implementing both the partial and fully instrumented
bridge systems, it is most important to assure that the instrumentation
program is closely and carefully coordinated. This coordination begins in
the design stage when the details of the instrumentation program are
developed and integrated into the individual structure design.

During the construction phase, careful coordination and communication is
required between the instrumentation staff, the contractor and the State DOT
personnel involved with the project. This coordination is required to
assure that instruments are properly installed and protected during
construction and that proper advance notice is provided so that the
instruments may be moritored at key construction phases.

In addition, carefully kept, well documented bridge construction records
maintained daily, preferably by a project manager or clerk-of-the-works must
be provided. These records should include such data as the extent of
construction completed daily, structural members and their respective
weights placed, volumes of concrete and backfill placed and the results of
quality control tests completed, especially in-place field unit weight tests
of structural backfill. These construction records are essential in order
to evaluate the instrumented bridge performance data in conjunction with the
ongoing construction operations, It is only through an overall coordinated

effort that a satisfactory documentation of bridge performance may be
successfully completed.

Long-Term Evaluation

The data obtained as part of this research document the satisfactory
performance of ten highway bridges supported by spread footing foundations
bearing in sand. It is recommended that the use of the partial
instrumentation system be continued on a wide scale basis to provide
additional, well documented, statistically meaningful performance data on
more bridges founded on spread footing foundations.

In addition, it is recommended that long-term data on bridge performance, in
particular settlement behavior, be maintained for several years after
completion of the bridge structure. This will provide documentation of the
Tong term, satisfactory performance of these instrumented bridges and their
spread footing foundations.
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3. PRESSURE DISTRIBUTION AND SETTLEMENT OF
BRIDGE FOOTINGS ON SAND

3.1 INTRODUCTION

General

Design of bridge foundations consisting of footings bearing on sand is
primarily a problem of predicting settlements of the footings under the
anticipated loads. Methods for predicting settlement of individual footings
and differential settlements between footings on sand must be sufficiently
accurate so that bridge foundations can be designed with confidence that the
bridge will perform acceptably over its lifetime, Designing foundations for
settlement control contrasts with bridge foundations consisting of
end-bearing piles or caissons or other deep foundations where the bearing
capacity of the supporting geologic material is the primary concern.
Settlement is often considered to be a secondary design issue for such deep
foundation units because the magnitude of settlement is usually tolerable if
the foundations have adequate safety against load capacity failure,

Design of bridge footings bearing on sand typically involves determination
of a bearing pressure (referred to as the allowable bearing pressure), and
corresponding lateral dimensions of the footings, which in turn allows
prediction of settlement, In practice, lateral dimensions of bridge
footings are often governed by the geometry of the supported member
(abutment, pier, wingwall, etc.) and by requirements for overturning
resistance, as well as settlement.

Design of bridge footings also involves structural detailing of the
foundation units which are usually constructed of reinforced concrete.
Requirements for footing thickness and reinforcement are, theoretically,
functions of the actual distribution of soil contact pressure acting on the
underside of the footings. Some knowledge of the distribution of the
contact pressure is therefore also necessary to develop an efficient and
safe structural design for the footings.

This research was directed primarily toward evaluating available methods and
procedures for predicting settlement of footings bearing on sand.
Conclusions have been developed on the applicability of existing methods to
the design of bridge footings, Limited research was also conducted on
methods for calculating the ultimate bearing capacity and on soil contact
pressure distribution,

Objectives and Scope

Specifically, this research included the following work scope items:

0 Review of current state-of-practice for design of footings on sand with
regard to settlement, bearing capacity and contact pressure.
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0 Research and review in detail the various methods available in the
published literature for calculating the settlement of footings on sand.

0 Select one or more methods that appear to be the most promising for
calculation of footing settlement,

0 Review the available published 1iterature for case studies of settlement
of footings on sand for full-size structures,

o Calculate the predicted settlement for the footings described in the
literature case studies using the selected settlement methods and
compare to reported footing settlement.

o Calculate the predicted settlement for the footings instrumented for
this study using the selected settlement methods and compare to actual
measured footing settlement,

o Discuss the validity of the selected settlement prediction methods and
if possible make recommendations for obtaining improved predictions.

3.2 FOOTING DESIGN CONSIDERATIONS

Requirements for a Satisfactory Footing Design

The basic requirements for a satisfactory bridge footing design are:

1. Settlement - The short-term and long-term settlement of the footings
must be sufficiently small in magnitude so as not to impose excessive
stresses on the structure nor impede the proper function of the bridge.

2. Bearing Capacity - The footings must be safe against failure (rapid and
large settlement) from normal cperating loads and occasional severe
loads such as earthquakes, high winds, impacts, etc.

A satisfactory footing foundation design requires more than structural
analyses and detailing of the footing. Knowledge of the site geology and
subsurface soil and groundwater conditions is also necessary. In many
cases, design of footing foundations reguires more data on subsurface
conditions and on soil properties than may be necessary for design of pile
foundations. Similarly, more geotechnical engineering may be needed to
properly assess footing feasibility and performance, particularly if the
sand bearing soils are underlain by compressible soil such as clay.

A typical footing design procedure involves the following steps:

o Determining the geometry, magnitude and direction of the loads to be
supported by the footings.

o Evaluation of the site history, geology and anticipated subsurface
conditions, including whether the site has been preloaded geologically
or by previous structures or embankments,
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o Planning and conducting a subsurface exploration and s0il testing

program to provide sufficient information on the subsurface soil and
groundwater conditions, and on soil compressibility and bearing capacity.

o Develop idealized subsurface profile(s) and compressibility parameters
for use in design calculations,

o Select trial footing sizes based on bearing capacity considerations,
experience or the bridge geometry.

o Calculate settlements of the trial footings. Modify footing dimensions
to achieve tolerable calculated settlements.

o Confirm that there is an adequate factor of safety against bearing
capacity for the final footing gecmetry.

As is the case with most geotechnical problems, design of footings involves
more than using the appropriate design equations. Judgement is needed to
evaluate soil type, compressibility and preloading, to assess the
implications of all the relevant factors, and ultimately to decide if
footings are technically and economically feasible.

For this study, settlement and bearing capacity analyses have been limited
to consideration of conventional static loading situations, typical of most
routine bridge projects. 0On some actual projects, potential effects of
dynamic loading due to earthquakes or other causes may govern the foundation
design. In such cases, the use of deep foundations such as piling or use of
soil improvement methods may be required to provide adequate foundation
support. Considerations of these special foundation conditions have not
been in¢cluded in this study.

Applicable Soil Conditions

This study focused on footings bearing on sand. For purposes of calculating
settlement using the selected methods, "sand" is considered to include
cohesionless, inorganic soils such as sand, gravel and non-plastic silt.
Non-plastic is interpreted to correspond to a plasticity index {PI)
essentizl 1y equal to zero. Applicable soil deposits defined by two common
soil classification systems are given as follows:

Classification System Included Soil Types

AASHTO A-1, A-3, and non-plastic (PI nearly

equal to 0) soils in A-2 and A-4 groups.
(AASHTO Std. Specs, 1978)

UNIFIED GW, SW, GP, SP, GM, SM and ML (PI
nearly equal to 0). {Casagrande, 1948}

In addition to visual classification and laboratory grain-sizé testing, the
Atterberg Limits Test (ASTM Test Designation D423 and D424) should be used
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to confirm that the plasticity index is essentially zero, and therefore that
the soil is cohesionless.

Although the settlement calculation methods were each originally developed
for footings on cohesionless sand, in practice they are used with soils
having a very low, non-zero plasticity index, such as a PI up to 4. However
the applicability of the methods decreases with increased plasticity and PI.

It is important to note that the available settlement and bearing capacity
calculation methods for cohesionless soils are likely to be less reliable
for geologic materials containing significant percentages of silt or
gravel. Interpretation of in situ testing results and calculations of
settlement and bearing capacity for such materials should be made by
experienced engineers using judgement and caution,

Procedures for evaluating bearing capacity and settlement for soil types
other than those Tisted above may differ from procedures used for sand, The
feasibility of using footings and using methods for predicting settlement of
footings bearing above such other materials should be evaluated by
experienced geotechnical engineers.

In Situ Testing

Calculations of settlement of footings on sand requires an estimate of the
soil compressibility. In the United States, sand compressibility is usually
estimated by performing in situ penetration tests. By far the most common
in situ test used in the United States to estimate compressibility of
cohesionless soils is the Standard Penetration Test, SPT (ASTM D1586). The
Standard Penetration Resistance N-value is used in settlement calculations
as an indicator of in situ relative density which in turn is correlated with
compressibility.

By the nature of the SPT and the variability of soil deposits in situ,
variation and scatter in SPT results are inevitable, even within a given
site. Many sources of variability and scatter in results have been
identified (Kovacs, et., al,, 1977), To maximize repeatability and the
usefulness of the SPT in settlement calculations, the test must be carefully
performed in accordance with standard procedures,

Four issues have been identified as having particularly significant impact

on SPT results and can therefore affect settlement calculations based on the
test results:

Turns of the Rope - For non-trip hammers such as illustrated in figure
19, the test results are very sensitive to the number of turns (wraps)
of the rope around the cathead used to 1ift the 140-1b weight. Two
wraps are standard. Three or more wraps can prevent "free-fall" of the
weight and significantly reduce the energy applied to the drilling rods
and split-spoon sampler,
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Figure 19. Standard Penetration Test.

Hammer Drop Height - The 30-in standard drop height should be carefully
observed and maintained. Differing fall heights will alter the applied

energy.

Sampler Geometry - ASTM specifies standard dimensions, including inside
and outside diameters, and other characteristics of the split spoon
sampler, Alternate geometries or configurations can change the results.

Water Level in the Casing - When performing the SPT in cohesionless
soils below the water table, the level of water or drilling mud in the
casing or hole must be maintained high enough to prevent upward seepage
of water into the borehole. Upward seepage reduces the effective
vertical stress in the soils below the borehole and can lead to reduced
SPT N-value. The use of drilling mud is desirable when drilling below
the water table, particularly if running sand conditions are observed,
Use of casing is preferred to use of hollow stem augers to advance the
hole. Hollow-stem augers should only be used if it is confirmed that
the water or drilling mud is capable of maintaining the stability of the
bottom of the hole.
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Some settlement calculation procedures use compressibility as estimated from
the Cone Penetration Test, CPT (ASTM D3441). Cone resistance has been
correlated to equivalent soil modulus of elasticity. This in situ test is
performed in the United States, but much Tess frequently than the SPT. CPT
equipment is becoming more available in the U.S., and is in use by the FHWA
and some States. Problems associated with variatign in test procedures
appear to be less of an issue with CPT, in part because it is a more
specialized test requiring special equipment and trained personnel. However
as with any in situ test, variability and scatter in results occur. The CPT
is best suited for use in sandy soils containing little or no gravel.
Gravelly or cobbly soils can give misleading results or even prevent
?enetgation of the cone. CPT test procedures are summarized by Schmertmann
1978).

Correlations between observed footing or structure settlement and the
results of in situ penetration testing such as the SPT or CPT introduce
uncertainty in settlement calculations, It is implicitly assumed in the
correlations that the gquantity measured in the in situ test can account for
all important factors affecting sand compressibility. Although conventional
in situ tests can reflect many of the important factors, they do not account
for all the sand compressibility characteristics that influence footing
settlement.

Less common methods such as plate or screwplate load tests, dilatometer or
pressuremeter tests can often provide better information on sand
compressibility than can penetration tests. The Tesser availability and
higher cost of these tests has inhibited their routine use in most parts of
the country, although they are used in certain parts of the U.S. There has
been less experience in the U.S. with use of these tests, and fewer data
available on the accuracy of settlement calculations based on them, compared
to SPT or CPT. Because of the Tack of availability of necessary test
equipment and the lesser experience in their use, these methods are not at
present feasible for routine use in design of bridge foundations.

Bearing Capacity

The ultimate bearing capacity of a footing is the Toad or soil pressure at
which the footing shears through or punches into the supporting soil. For
sand, the ultimate bearing capacity depends primarily on the relative
density of the soil and the confining pressure {depth of footing
embedment). A minimum factor of safety of three (3.0) against bearing
capacity failure is common design practice for footings on sand.

Bearing capacity will usually not be a controlling factor in footing design
for sands having Standard Penetration Resistance N-values exceeding about 10
blows per ft. Similarly, the bearing capacity of footings on sand is rarely
a concern for footings larger than 3 to 5 ft in their smallest plan
dimension. For footings Targer than 3 to 5 ft, designing for a tolerable
settlement will normally provide the necessary safety against bearing
capacity failure.
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Calculations of bearing capacity of footings on sand depend on the footing
plan dimensions, embedment depth below ground surface and the position of
the water table, the soil friction angle and unit weight. Procedures for
calculating ultimate soil bearing capacity, under vertical or inclined
loading, are well documented in soil mechanics literature and textbooks
(NAVFAC, 1982; Terzaghi and Peck, 1967; Peck et. al., 1974 for example).

The allowable bearing pressure (used to size the footing) is the average
pressure at the base of the footing such that 1) an adequate factor of
safety against bearing capacity is provided and 2) the expected settlement
is acceptable. 1In practice, a bearing pressure obtained by dividing the
ultimate bearing capacity by three is often used to develop trial footing
sizes for settlement calculations.

Footing Contact Pressure

Contact pressure is the vertical soil reaction stress acting on the base of
the footing. The actual distribution of contact pressure depends on the
loading conditions, the relative rigidity of the footing compared to the
soil, and the stress-strain characteristics of the soil.

One method of evaluating contact pressure is to model the soil as an elastic
half-space. Under this assumption, footing on the surface of elastic
"soil", the distribution of contact pressure for a concentrically loaded
footing is a function of relative footing stiffness only, and lies between
the following two extreme conditions:

0 Rigid Footing - All points on a rigid footing settle uniformly,
Theoretically, the contact pressure is nearly infinite under the edge of
the footing, and less than the average pressure at the center.

0 Flexible Footing - The center of a flexible footing settles more than
the edges, and the contact pressure is uniform.

Reinforced concrete footings bearing on sand are relatively rigid compared
to the soil. If the soil were perfectly elastic, the contact pressure under
the rigid footing would be very high at the edges compared to the center.
However for footings bearing at typical depths in real sand soils, the shear
strength of the sand at the edge of the footing is limited because of
relatively Tow confining pressure, which reduces the stress at the edge.

The combined effect of rigid footing and low soil shear strength at the
footing edge results in a contact pressure distribution somewhere in between
the two extremes described above., The distributions are illustrated in
figure 20a.

As the load on a footing increases, the pressures beneath the footing
increase and approach the distribution at failure shown on figure 20b
(Terzaghi, 1943). The distribution at failure is shaped as shown because
the cohesionless soil derives its strength from the confining pressure. ‘
Under the center of the footing, the footing load provides the maximum
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Figure 20. Theoretical distribution of footing contact pressure.

confining pressure, so the strength of the sand and the contact pressure are
also maximum., The average contact pressure at failure is the ultimate
bearing capacity.

The usual assumption in the structural design of a footing is that the
contact pressure under the footing is uniform (concentric loading) or varies
Tinearly {(under eccentric loading). 1In reality, the contact pressure is not
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linear or uniform, especially under footings subjected to complex loading
conditions or having irregular plan shapes,

As discussed under the report section, Monitoring Bridge Foundation
Performance, individual contact cell pressures measured at the study bridges
often differed markedly and erratically from predicted values. Experience
has demonstrated that appropriate structural designs can be achieved using
the conventional assumption of uniform or Tinear pressure distribution for
concentric or eccentric loading, respectively.

Procedures for determining a distribution of contact pressure under
concentric and eccentric loading, for use in structural design of footings,
are described in geotechnical engineering textbooks and literature (Peck,
et. al. 1974, NAVFAC 1982, FHWA 1983}. The most commonly assumed
distributions are shown on figure 21,

The distribution of contact pressure is not normally considered explicitly
in calculations of footing settlement. The pressure distribution is
accommodated implicitly in the calculation equations and methods. It should
be noted that settlement calculation methods, such as discussed later in
this report, have been developed for relatively rigid footings. As a
general rule such methods should not be used, or be uséd only with
recognition of their limitations, for calculating settlement due to
embankment loadings or of large mat foundations. This limitation is
appropriate because the implicit rigid footing contact pressure distribution
assumed by the methods is not consistent with the more nearly uniform stress
distribution produced under embankments or large mats,

Settlement and Sand Compressibility

Many methods have been developed by various researchers and engineers to
predict or calculate settlement of concentrically loaded footings bearing on
sand. The state-of-the-art methods for calculating settlement of footings
on sand are not as standardized, and possibly not as accurate, as those for
cohesive soils. This is due in part to the difficulty and limited accuracy
in estimating sand compressibility, and the natural varijability of sand
deposits in situ,

In the U.S., the typical procedure for determining compressibility of
cohesive soils is by laboratory testing of "undisturbed" soil samples.
Recovery of undisturbed samples of naturally-deposited sand, for purposes of
laboratory determinations of in situ compressibility, is not normally
feasible. Disturbance during sampling, handling and sample preparation
destroys in situ stress conditions and particle arrangement. Such
disturbance masks the stress history of the sample and changes the sample
compression characteristics. It is also difficult or impossible to
re-create the in situ confining stress conditions in the laboratory, which
are very important to the stress-strain characteristics of sand.
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Figure 21, Linear distribution of footing contact pressure.

Because of these difficulties, all of the more common settlement calculation
methods rely on empirical correlations between in situ tests and sand
compressibility. Some of the methods are based solely on empirical
procedures, some on the theory of elasticity and others on principles of

one-dimensional compression. No single method has been generally accepted
as giving the best results.

The methods account for soil compressibility, footing loading, footing
geometry, soil preloading, depth of embedment, position of water table,
thickness of the sand layer and time. The methods differ greatly in their
procedure for assessing sand compressibility, and in their assumptions of
the relative importance and effects of the other factors noted above.
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Settlement Due to Embankment Loading

tmbankments behind bridge abutments cause settlement of abutment footings by
increasing the vertical stresses in the soil below the abutment footing and
by increasing the load on the footing itself. Most of the design procedures
discussed in Settlement Calculation Methods were developed for rigid
footings of finite plan dimensions and are not applicable to this Toading
condition. Two methods which can be used for this settlement calculation
are the Buisman-DeBeer (1965) and Hough (1967) methods which are
one-dimensional coumpression approaches. The increased vertical stress in
the ground can be calculated by elastic methods {Poulos and Davis, 1974).

[t should be noted that Martens and DeBeer (1977) state that the
Buisman-DeBeer method can yield very conservative settlement estimates for
large area loadings such as embankments.

Studies of highway bridges in Belgium in the 1940‘'s {DeBeer, 1948) indicate
that settlement of bridge abutment footings caused by 20-to 25-ft high
embankments behind the abutments can equal or exceed the settlement of the
footing caused by the bridge dead and live load., Settlements of abutment
footings for the instrumented bridges of this study were only slightly
greater than settlements of the pier footings.

Settlement Ynder Lateral or Eccentric Loads

Lateral or eccentric loads can cause non-uniform settlement (rotation) of a
footing. The availaple proceaures for predicting footing rotation provide
only very approximate results.

One procedure for estimating footing rotation is to 1) calculate the maximum
and minimum contact pressure under tne eccentric loading, figure 21; 2} use
one or more of the settlement calculation methods to estimate footing
settlement under the two extreme pressures; and 3) assume that the two
extreme calculated settlements represent the minimum and maximum settlement
of the two opposite edges of tne footing.

Another approach, based on the theory of elasticity for rotation of a rigid
footing, is given by Poulos and Davis (1974):

2

M (1l - v©)

=z — 1 (Eq. 1)
B‘L‘E e

where:

the angular rotation of the footing in radians,

the moment on the footing,

Poisson's ratio of the soil,

an influence factor depending on the footing length,
the footing width,

the Young's modulus for the soil.

U0 e
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The determination of the Young's modulus for use in this equation is
difficult. Several references (Bowles, 1977 and Canadian Manual on
Foundation Engineering, 1975} should be consulted and a range of values used
to check the sensitivity of the footing movement to the modulus value.

Due to rigidity of the structure, redistribution of contact pressure during
rotation and other factors, these procedures will usually overpredict the
magnitude of footing rotation.

The horizontal force resulting from the embankment weight acting on a bridge
abutment or wing wall can result in eccentric loading of the supporting
footings. The eccentric loading can in turn cause footing rotation and tilt
of the abutment or wall. For a properly-designed retaining wall or abutment
supported on footings on sand, tilt is typically not a concern. Measured
tilt of the instrumented bridge abutments in this study was quite small,
averaging 0.023 degree. By comparison, 0.3 degree {0.005 times the height)}
is normally considered to be required to develop the active pressure
condition against the back of the wall. Tilt data for this study are
summarized in table 1.

Settlement Due to Vibrations

High Tevels of vibrations such as those caused by earthquakes could result
in significant settlement if loose sands are present within about 60-ft
depth below a bridge footing. If the loose sand is saturated, liquefaction
of the sand could occur during severe vibration possibly resulting in
excessive settlement or a bearing capacity failure of the footing.
Evaluation of the potential for such behavior should be conducted for any
site where Standard Penetration Resistance N-values for the sand are less
than about 15 blows per ft. In particular, the liquefaction potential of
saturated sands should be investigated in areas where significant
earthquakes are possible. The methodology of Seed and ldriss (1983) is the
current state-of-the-art for liquefaction assessment. An FHWA report by
Ferritto and Forrest (1977) provides a detailed discussion of liquefaction
effects on highway bridges, ana FHWA Report 86/102 entitled Seismic Design
of Foundations is soon to be available.

Lower level vibrations, such as might result from wind or traffic loading,
would not cause liquefaction, but the potential for settlement should be
studied during design. Procedures for estimating vibration-induced
settlement of sand are currently Tess accurate than methods for predicting
settlement due to static loads, particularly for sources of vibrations other
than earthquakes. The available methods are based in part on laboratory
testing of sand using cyclic testing devices. Tokimatsu and Seed (1984)
provide a procedure for estimating settlements due to earthquake-level
vibrations. For lower level vibrations, such as might be induced by wind or
traffic loading, Richart, Hall and Woods (1970) present data on vertical
strain induced by vibration in laboratory resonant column tests which can be
used to estimate settlement. For most situations, settlements due to
low-level vibrations are not a concern,
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Settlement and Key Factors

There are a number of factors which can influence settlement of footings on
sand and should be recognized when performing calculations, but are not
explicitly accounted for in most calculation methods. Such factors include:

1.

Sources of "static" load on bridge footings include structure dead
weignt, snow or water loads, some component of vehicle weight, and for
abutments the horizontal and vertical components of fill weight. Loads
from all these sources should be considered in the settlement
calculations, Possible densification and settlements of sand due to
dynamic loads such as vibrations from wind, traffic or earthquakes
should also be considered.

Only a few calculation methods explicitly provide a means to account for
the effects of soil preloading. The commonly-used methods are
considered to be applicable to normally loaded sands. The settlement of
a footing on sand that has been preloaded can be as 1ittle as 1/2 to
1/10 the settlement of a normally loaded sand having the same relative
density. Preloading can sometimes be determined by knowledge of the
geologic history of the soil deposit or of man-made causes of
preloading. It is generally believed that a decrease in compressibility
due to preloading cannot be detected by penetration testing (SPT or
CPT). Plate load tests, screwplate tests, pressuremeter tests and
dilatometer tests have been used with varying success to determine
preloading.

Each calculation method requires determination of soil compressibility
parameters and each method was developed using a specific procedure for
assessing compressibility. The compressibility values used in each
method are not unique properties of the soil, but rather are parameters
resulting from correlations with observed settlements. Proper
application of the methods requires that the compressibility parameters
be evaluated in the same manner as was used in the original development
of the methods.

When using calculation methods based on the determination of an elastic
soil modulus from SPT or CPT results, it is important that the modulus
be estimated using the same modulus vs. penetration test correlation
developed or used specifically for the method. If the modulus was based
on an SPT correlation, a modulus from other tests such as pressuremeter,
plate load test, seismic test or other tests should not be used,
However, if data from the "correct" penetration test are not available,
it may be reasonable to estimate the penetration test value from other
tests and then use the estimated penetration test value to obtain the
modulus. For example, if only SPT data are available when using a
CPT-based method, a correlation from SPT to CPT could be used, and then
the modulus could be obtained from the correlated CPT value. Use of the
additional correlation in this manner will add uncertainty to the
calculation results.

—
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Engineering Practice - Settlement and Differential Settlement

A common practice for predicting settlement of footings on sand is to use
one or more of the available calculation methods. Engineering judgement is
then used to select one of the results, or average the results, based on the
range of settlement values obtained. This has been proven to be a vaiid and
appropriate approach. Experience has shown that structure foundations
consisting of footings designed in this manner have a very h1gh probability
of acceptable performance.

A practical method for calculating differential settlement between adjacent
footings on sand involves one or more of the following concepts:

1. 1If borings are performed at each footing location, calculate the
differential settlement as the difference in the estimated total
settlement of each footing, calculated based on the individual borings,

2. As suggested by Terzaghi and Peck (1967), if footings are about the same

plan dimensions, calculate maximum differential settlement as 50 percent
of the maximum total settlement. If footings are of different sizes,
calculate differential as 75 percent of the maximum total value.

3. [If the penetration resistance of the soil is highly variable from boring

to boring, calculate maximum differential settlement as 100 percent of
the maximum total settlement.

3.3 SETTLEMENT CALCULATION METHODS

General

Available methods for calculating settlement of footings on sand were
developed primarily in connection with design of foundations for buildings.
However the methods are used routinely in the design of footings for many
other types of structures including bridges, tanks, silos and towers. Some
of the methods have gained acceptance in geotechnical engineering practice
and have been reviewed in published literature. OQthers have not been widely
used or discussed.

More tnan twenty "methods" of calculating settlement of footings bearing on
sand have been identified in the published geotechnical Titerature. Many of
the "methods" offer unique procedures, while some of them offer significant
changes or enhancements to a previously-published approach. One of the pri-
mary objectives of this study was to review the many methods and select one
or more for further evaluation. The selection was conducted in two stages:

1. Methods were selected for preliminary evaluation. Data from published
case histories were used to compare selected methods.

2. Based on these results, methods were selected for final study and
comparison, using data from the instrumented bridges.
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During the preliminary stage of the study, fifteen of the twenty “methods"
which were considered the most promising were reviewed in detail. Summaries
of the 15 methods are given in appendix D. The methods can be grouped into
three basic categories:

1. Empirical approaches - To differing extent, all 15 methods rely on or
were calibrated with observations of settlement and could be considered
somewhat empirical. Some methods rely primarily on statistical
correlations among the various factors affecting settlement rather than
on a theoretical model. For purposes of this study, such methods have
been designated as empirical,

2. Approaches based on the theory of elasticity - These model the footing/
s0il system as a loaded area on or within an elastic half-space.

3. One-dimensional compression approaches - These are based on linear
void-ratio vs. logarithm of effective vertical stress relationships.

0f the 15 methods summarized in appendix D, eleven are considered empirical,
two are elastic, and two are one-dimensional compression approaches.

As noted above, all of the available methods rely to some degree on
empirical relationships between observed footing performance and parameters
used in the calculations. The empirical and elastic methods are only
applicable to footing settlement calculations, not for settlements caused by
large area loads such as embankment fills or grade changes. As discussed
below, one-dimensional compression methods are more appropriate for
calculating settlements caused by large area toadings.

Each category is discussed below,

Empirical Methods

The 11 settlement calculation techniques based primarily on empirical
correlations, and summarized in appendix D, are listed below:

Terzaghi and Peck (1948)
Meyerhof (1965)

Alpan (1964)

Peck and Bazaraa (1967)
Peck, Hanson and Thornburn (1974)
Parry (1971)

Schultze and Sherif (1973)
Burland and Burbidge (1984)
. NAVFAC DM-7 (1982}

0. Menard (1975)

1. Schmertmann (1970)

. * -

2O~ W
. - L] - L]

Methods 1 through 8 rely on the Standard Penetration Test to measure soil
compressibility. Method 9 is based on a relative density determination,
usually correlated with SPT or CPT. Methods 10 and 11 rely on Pressuremeter
and CPT tests, respectively.
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Methods 2, 3 and 4 are variations of the original Terzaghi and Peck
approach, The Terzaghi and Peck method was based on a conservative
interpretation of data on plate load tests and observed settlement of
footings on sand. This has been recognized to be very conservative in
calculating settlement, and methods 2, 3 and 4 have modified the original
approach to give results closer to “"average" rather than upper Timit
settlement predictions. One well-documented criticism of methods 1 through
4 is the use of the (2B/8+1)Z factor for extrapolation to larger footing
sizes. This factor has been shown to be dependent on soil type and relative
density by Bjerrum and Eggestad (1964).

Method 5 gives the allowable bearing pressure for one inch of settlement, as
opposed to a direct calculation of settlement. Methods 6, 7 and 8 are
empirical methods not based on the original Terzaghi and Peck equation.
These latter three methods have not been as well-studied in the literature
as Methods 1 through 4. Method 9 involves correlation with relative density
which can add uncertainty to the reults. The method is reported to
underestimate settiements where sand thickness is small relative to the size
of the loaded area.

Method 10 is based on the pressuremeter modulus from the Menard
pressuremeter test. This test equipment is not widely used in the United
States, and the disturbance of the sides of the borehole by the drilling
operations prior to testing can have a significant influence on the
pressuremeter modulus. The use of a self-boring pressuremeter may reduce
disturbance of the sides of the borehole, but the empirical settlement
method requires revision to reflect the use of the self-boring device.

The Scnmertmann method, number 11, has gained considerable popularity over
the past 10 years, especially in the southeastern U.S5. The method is par-
tially pased on elastic theory, and so is not completely empirical. The
elastic soil modulus used is calculated from the point resistance of the
static cone penetrometer in a CPT. Although cone penetration testing is not
routine for highway bridge projects, correlations between SPT and UPT resis-
tance are available. However the error associated with such correlations
adds additional uncertainty to settlement calculations using the method.

tElastic Methods

The D'Appolonia method (1968), one of the two procedures based on the theory
of elasticity, is based on measurements of footing settlements on a large
site in Indiana. D'Appolonia developed a correlation of elastic modulus vs.
SPT resistance for both normally loaded and preloaded sands. One feature of
the method is that it provides an explicit means to account for preloading
of the sand in the settlement calculations. The data base for the
correlations is relatively small, especially for preloaded sands. However,
the method is relatively simple to use and accounts for the major factors
affecting footing settlement.

The second elastic method is a relatively new approach by Oweis (1979). The
method involves multiplying an initial elastic modulus by a reduction factor
to account for the reduced stiffness of soils at higher shear stresses. The
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reduction factor is determined from an initial settlement calculation using
the initial elastic moaulus. The reduced modulus is then used in an elastic
equation to calculate settlement of the footing. Potential advantages of

this method are:

i, It models the expected benhavior of increasing incremental amounts of
footiny settlement with increasing load.

¢. It may be possible to use methods such as in situ shear wave velocity
measurements to determine the initial elastic modulus. Uweis provides a
correlation of SPT resistance with initial modulus based on plate load
test results.

The main disadvantages of the method are that the calculations are more
lengthy than for other settlement methods, and the method does not
distinguish between normally l1oaded and preloaded sands.

One-Dimensional Compression Methods

Une-dimensional compression methods are typically based on the assumpticn of
a linear relationship between void ratio and the logarithm of effective
vertical stress. This assumption is commonly made for consolidation
settlement calculations for clay soils. The log-linear relationship implies
that the incremental change in footing settiement decreases with increasing
load, which is opposite to the observed settlement behavior of footings on
sand. The decreasing incremental settlement behavior is more consistent
with settlement under the center of large mat foundations or embankments
than with bridge footings. These methods, however, have been used
successfully in design calculations for bridge footings.

-Two one-dimensional compression methods were identified in the literature.
Hough's method (1959) utilizes SPT data to determine sand compressibility,
while the Buisman-DeBeer method (1965) makes use of CPT results. The
Buisman-DeBeer method was shown by Debeer to overestimate settlement of
bridge footings on sand by an average factor of two. Meyerhof proposed a
revised sand compressibility equation to reduce the conservatism of the
guisman-DeBeer method.

Since the one-dimensional compression methods do not model the observed be-
havior of footings under increasing load, they are not considered as appro-
priate as other approaches for calculating settlement of footings. However,
these methods can be used for calculating the settlement of bridge abutments
as a result of the weight of the abutment backfill. These methods can also be

used for estimating settlement caused by grade changes at a site. It should
be noted that DeBeer and Martens (1956) have concluded that DeBeer's method

also overestimates settlement under embankments or for mat foundations.

Selection of Methods for Preliminary Study

Methods were to be selected for further study using literature case history
data, to include a variety of approaches and assumptions. Promising methods
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were chosen on the basis of documentation of their accuracy in the published
literature, on the rationality of the approach, on their anticipated
applicability to settlement of bridge footings, and consistency with bridge
exploration and design procedures. Based on these criteria, four methods
were selected for preliminary study:

0 The Peck and Bazaraa method, an empirical method which utilizes SPT data
to assess compressibility.

o The Schmertmann method, which is a semi-empirical approach, based on CPT
data.

o D'Appolonia's method, an elastic approach which makes use of SPT results
in the calculation of a soil modulus.

o Oweis'method, an iterative, non-linear elastic approach which uses SPT
data to estimate the elastic modulus.

As indicated above, each of the four methods makes use of the relatively
common SPT or CPT in situ tests.

The Peck and Bazaraa approach was chosen as one of the most promising of the
SPT methods: 1) it uses a corrected N-value and an embedment correction
factor to account for the effects of relative density and overburden
pressure on sand compressibility, and 2) the method is widely used in
practice. |

The Schmertmann method was selected because: 1) it is being increasingly
used in practice; 2) it is not strictly an empirical approach, but has some
basis in elastic theory; 3) it was developed using CPT data, but may be used
with SPT results through empirical correlations between SPT and CPT
resistance; and 4) it can account for varying compressibility with depth and
also for limited thickness of sand.

D Appolonia‘s method has the combined advantages of 1) being an elastic
approach, 2) providing a means for accounting for preloaded sand, and 3) is
a relatively easy method to use.

The Oweis method, although not well known or widely used, was considered

promising due to its iterative approach to estimating the effective soil

modulus., It is, however, more complicated and time-consuming to use than
the other methods.

Case History Review

To evaluate the selected methods, published data on settlements of footings
were compared to settiements predicted by the methods. The settlement
calculations were performed based on data given in the published reports,
The reported and calculated settlements were then reviewed and analyzed to
provide an objective basis for comparing the methods.
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A search of the published literature was performed to locate case studies
reporting measurements of settlement of footings on sand, Although many
potential case histories were located, most were not considered suitable for
use in the study for a variety of reasons including:

o No soil boring data or insufficient data were given. In many cases,
only general descriptions of soil type and density were given,

0 Actual loads on the footings were not provided. In most cases only
total design loads, not calculated dead and live loads, were reported.

0 Clay or clayey soils were present below the footing.

0 The case study described a Targe mat or tank foundation of dimensions
much larger than typical bridge footings.

The limited amount of published data was considered to be a major obstacle

to valid comparisons of the methods. Also, the relatively small magnitudes
of measured settlements 1imited the applicability of the data. However, it
was decided to continue with the comparison, recognizing these shortcomings.

Five case studies comprising a total of 10 footings, as presented in

table 2, were selected from papers by Bergdahl and Ottosson {1982),
Wennerstrand (1979), DeBeer and Martens (1956), Levy and Morton (1974), and
DeBeer (1948). The cases involved bridge piers and abutments, with the
exception of the Levy and Morton case study, which was a report on building
spread footings. In each case, reported subsurface information consisted
primarily of cone penetration resistance. These data were converted to
standard penetration resistance N-values for use in the Peck and Bazaraa,
D'Appolonia and Oweis methods, using Schmertmann's (1970) correlations. The
relevant data used in the settlement calculations for each footing are
presented in table 3.

Bergdahl and Ottosson describe a bridge pier supported on medium dense to
dense silt and sand to a depth of about 12 ft, with an underlying deposit of
medium dense sand. Two CPT tests were performed at the pier. The authors
state that the penetration tests indicate inconsistent density of the sand,
which they attributed to variations in grain sijze.

Wennerstrand analyzed a bridge on shallow foundations. The soil is
described as being a loose, slightly organic fine sand to a depth of about
30 ft, with interbedded silt and clay beiow. CPT tests were performed
subsequent to bridge construction in a test area located between two piers.

DeBeer and Martens provide data on several bridges, two of which were used
in the case history study. Bridge XXIX in Loppem is supported on two
abutments and a central pier. CPT data are provided, and the soils are
described as fine sands and silty sands. The bridge in St. Denys - Westrem
is supported on two abutments and two piers. The soil at this site is
described as layered sand with silt inclusions and CPT data are presented in
the paper,



Table 2, Case histories.

LOCATION AND STRUCTURAL LITERATURE ELEMENT
ELEMENT REFERENCE DESIGNATION
Alvsbyn Bridge Pier (Sweden) Bergdahl and Cl
Ottosson (1982)

Sweden Support No. 23 {Sweden) Wennerstrand (1979) c2

Loppem Central Pier (Belgium)} DeBeer and Martens (1956) c3

St. Denys-Westrem Brussels DeBeer (1948) c4
Abutment (Belgium)

St. Denys-Westrem Central DeBeer and Martens (1956) C5
Pier (Belgium)

3 Footings (England) Levy and Morton (1974) cé

Gentbrugge Pier A (Belgium) DeBeer (1948) c7

Gentbrugge Pier B (Belgium) DeBeer (1948) c8

Gentbrugge Brussels Abutment DeBeer (1948) co
{Belgium)

Gentbrugge Ghent Abutment DeBeer (1948) C10
(Belgium)

Levy and Morton discuss the settlement of three (out of a total of eight)

- footings used to support twin twelve-story buildings. The subsurface soils
were described as dense sands and gravels, Cone penetration tests were
performed, and the results were converted to SPT N-values by Levy and Morton
which were provided in the paper. Neither the actual values of cone
penetration resistance nor the correlation used to calculate the SPT
N-values were provided by the authors.

The second case history reported by DeBeer (1948), involved a 200 ft long
highway bridge in Belgium. The bridge was supported by two abutments and
two piers, The soil type was described as sand, with CPT data presented in
the paper. Only loads and settlements due to the dead weight of the
abutments and piers themselves were considered in order to avoid the effects
of the embankments and other fill loads.

The settlements calculated using the four selected methods, Peck and

Bazaraa, D'Appolonia, Schmertmann, and Oweis, are shown in table 4 together
with the measured settlements for the ten footings. Calculated and
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Table 3. Literature case history data.

ELEMENT q N¢ Ne Y 4 B L D ac H Vo

DESIGNATION  (ksf)  (blows/ft) (blows/ft) (kcf) (ft) (ft) (ft) (ft) (kg/cm?) (ft) max
c1 3.80 21 to 24* 24 120 8.2 16.4 28.0 8.2 85 54,3 2
c2 2.06 5 7 .108 0 10.9 47.7 6.6 159 26.3 2
c3 4,82 40 to 42* 50 .120 5.2 9.8 32.9 9.7 130  48.5 2
c4 1.52 18+ 17 120 +1.6 19,0 78.9 8.2 70 53.0 2
c5 4.10 7* 9 20 0 8.5 66.9 6.6 64 55.0 2
C6 10.60 38+ 32 120 21.6  13.0 23.0 16.4 210 29.5 2
c7 3.30 32% 42 120 +3.6 19,7 52.5 9.2 120  50.0 2
c8 4.48 33* 4z 120 +3.6 19,7 52.5 11.8 120 50.0 2
cy 2.74 34 42 .120  +3.6  23.0 118.0 7.6 120 39.0 2
C10 2.00 34 42 120 +3.6  17.0 92.0 7.6 120 390 2

* (Converted from CPT data.

q
N¢

=
(@]

aO9or-rw@ |q <

T

g max
VO

Definitions:
footing bearing pressure (average),

field SPT N-value {range of N-values is due to different depths of influence for different

settlement calculation methods).

corrected N-value (corrected for overburden per Peck and Bazaraa, 1967),
soil total unit weight (assumed); to kips per cubic foot; 1 kip equals 1000 1b.
depth to water table (below footing bearing elevation).

footing bearing elevation.
footing width. )
footing length.

depth of footing embedment below ground surface., (F) indicates footing is on new fill.
static CPT cone resistance (multiple values indicate that profile was subdivided into layers

with corresponding qc values).
depth below footing to (relatively) incompressible stratum. (H»>2B indicates that incompressible
stratum is located below the depth of influence.)
indicates soil stress history

1 = soil is preloaded.
2 = soil is normally loaded.
3 = soil is partially preloaded.

{+) indicates water table is above



Table 4, Calculated versus reported settlements -

literature case histories,

CALCULATED SETTLEMENT (in]) REPORTED
ELEMENT Peck and SETTLEMENT
DESIGNATION D'Appolonia OQOweis Bazaraa Schmertmann (in)
Cl 0.55 1.37 0.67 1.57 0.47
c2 0.39 1.44 1.06 3.03 1.46
C3 0.51 0.80 0.39 0.94 0.83
c4 0.35 0.79 0.35 0.67 0.47
€5 0.79 2.30 1.54 2.05 1.30
6 1.02 1.07 0.94 0.91 0.47 (avg)
c7 0.35 0.14 0.28 0.31 0.31
c8 0.31 0.11 0.24 0.24 0.16
C9 0.47 0.23 0.31 0.51 0.47
€10 0.31 0.10 0.20 0.31 0.39
Table 5 Ratio of calculated/reported settlements -
literature case histories.
CALCULATED/REPORTED
ELEMENT Peck and
DESIGNATION D'Appolonia Oweis Bazaraa Schmertmann
Cl 1.17 2.91 1.42 3.34
ce 0.27 0.99 0.73 2.08
c3 0.61 0.96 0.47 1.13
c4 0.74 1.68 0.74 1.43
C5 0.61 1.77 1.18 1.58
Cé 2.17 2.28 2.00 1.94
c7 1.13 0.45 0.90 1.00
c8 1.94 0.6S 1.50 1.50
C9 1.00 0.49 0.66 1.09
C10 0.79 0.26 0.51 0.79
Mean 1.04 1.25 1.01 1.59
Standard 0.60 0.88 0.50 0.74
Deviation
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Table 6. Calculated minus reported settlements -
literature case histories.

CALCULATED-REPORTED ("Difference")

ELEMENT Peck and
DESIGNATION D'Appoionia Oweis Bazaraa Schmertmann
Cl 0.08 0.90 0.20 1.10
c2 -1.07 -0.02 -0.40 1.57
C3 -0.32 -0.03 -0.44 0.11
Cé4 -0.12 0.32 -0.12 0.20
€5 -0.51 1.00 0.24 0.75
Cé 0.55 0.60 0.47 0.44
c7 0.04 -0.17 -0.03 0
c8 0.15 -0.05 0.08 0.08
co 0 -0.24 -0.16 0.04
Clo0 -0.08 -0.29 -0.19 -0.08
Mean -0.13 0.20 -0.03 0.42
Standard 0.43 0.48 0.29 0.55
Deviation

Using Absolute Values of "Difference":

Mean 0.29 0.36 0.23 0.44
Standard 0.33 0.36 0.15 0.54
Deviation

measured settlement are compared graphically in figure 22. Two parameters
were used to evaluate the accuracy of the calculations: the ratio of
calculated to measured settlement (hereinafter referred to as the "ratio"),
and the difference between calculated and measured settlement (the
"difference"). These parameters are shown in tables 5 and 6, and plotted in
figures 23 and 24, for each footing.

Each of the methods had mean ratios greater than 1.0. The mean ratio was
closest to 1.0 for the Peck and Bazaraa (1.0l) and D'Appolonia (1.04)
methods. The mean ratio for the Schmertmann method was the highest (1.59}.
Although the ratios exceeded 1.0, the difference values were greater than
0.0 for only the Oweis and Schmertmann methods. The difference values were
near 0,0 for Peck and Bazaraa and D'Appolonia,
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Figure 22, Calculated versus reported settlements -
literature case histories.
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The standard deviation of the parameters was calculated and is also shown in
tables 5 and 6. The Peck and Bazaraa and D'Appolonia methods showed the
smallest standard deviation of the ratio and the difference parameters. The
mean and standard deviation of the absolute value of the differences was
also calculated and is shown in table 6. Again, the Peck and Bazaraa and

D'Appolonia results showed the smallest average absolute error and standard
deviation of absolute error.
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3.4 EVALUATION OF SETTLEMENT CALCULATION METHODS

Selection of Methods for Final Study

Based on the results of the preliminary study and additional assessments of
the applicability of the available methods, five methods were chosen for
final evaluation using the data from the instrumented bridges. Three of the
four methods used in the preliminary study were included, Peck and Bazaraa,
Schmertmann and D'Appolonia, as well as the following two additional methods:

o]

Hough method: A one-dimensional compression method which has been in
use by the FHWA and many State highway agencies, and described in the
FHWA Foundation Workshop Manual {Cheney, 1983).

Burland and Burbidge method (1984): A recently-developed empirical
method relating SPT data to sand compressibility, based on regression
analysis of case studies.

The final selection of the five methods was based on several criteria
including the following:

1,

Ideally, the methods should have been accepted in practice and discussed
in the literature over a pericd of time. This provides a valuable data

base of experience, allowing for refinements of the technique to occur.

The Burland and Burbidge method is an exception to this criterion. The

method has not been widely publicized or used, in part due to the short

time period since its introduction.

The method should have a logical basis, with results that follow
expected trends. For example, the methods should predict increased
incremental settlement as the footing size or bearing pressure is
increased. Although the Hough method does not meet this criterion as
discussed previously, the method was included in the final study because
it is the method currently proposed by the FHWA.

Application of the method should not be overly complex or time
consuming. The more straightforward the method, the less likely that
errors will be made in its use, and the more likely it will actually be
used. In large part, it was due to undesirablie complexity that Oweis'
jterative method was eventually discarded in favor of alternate, easier
methods.

The procedure for assessing sand compressibility used by the methods
should make use of readily-available in situ testing procedures and
equipment. In particular, the field data should be readily obtainable
by State highway engineers. In most States, Standard Penetration
Testing is routinely performed and Cone Penetration Testing is becoming
more commonplace. Other in situ testing procedures to assess so0il
relative density or compressibility {pressuremeter, dilatometer, etc.)
are much less common. Consideration was also given to the type of
subsurface information already available at each study bridge location,
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and the availability of equipment for further exploration since further
testing was to be performed during the study.

5. The selected methods should represent a cross section of method types
(empirical, elastic, and one-dimensional compression).

Description of the Selected Methods

Summaries of the five selected methods are given in appendix D. Comments on
the methods, based on this current research and evaluation, are provided
below.

Burland and Burbidge - Burland and Burbidge established an empirical
relationship between average SPT blow count, the width of the foundation
B, and the modulus of subgrade compressibility. This relationship is
based on a regression analysis of over 200 settlement records.

The method was developed for normally loaded sand. When the soil is
known to be preloaded, the authors recommend reducing the
compressibility index by a factor of three for the increment of applied
stress which is less than the effective preloading stress.

SPT N-values are not corrected for overburden pressure, but are
corrected if the material is either a very fine or silty sand below the
water table, or if the material is a gravelly sand, The method also
takes into account footing shape, thickness of compressible stratum, and
creep (for time exceeding 3 years). The method assumes that no
correction is necessary for the proximity of the water table,

D'Appolonia - This method is based on elastic theory, with the modulus

of compressibility (M) backfigured from a limited number of measurements
of footing settlement.

The modulus M is a function of uncorrected N-values, averaged over the
depth of influence, taken as the width of the footing. No correction is
made for presence of the water table.

Two influence factors based on elastic theory (uy and up} account
for footing shape, depth of embedment and depth go incompressible

material. Soils are assumed to be incompressible when the N-value
exceeds 100 blows per ft,

Corrected values of ug and p; based on work by Christian and Carrier
{1978) were used with this méthod during the current study. It is
generally recognized that the revised values are more appropriate,
However, D'Appolonia's modulus M was backfigured from case histories
using the original Janbu (1966) influence values, A comparison of
calculations using the original influence values and the modified values
was made during this study. The comparison indicated that for cases
where the ratio of footing length to width is less than about 5, and the
footings bear at relatively shallow depth, (as is generally the case
with bridge footings and abutments) use of the modified influence values
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results in Tittle to no change in settlement prediction. Use of the
modified values with D'Appolonia's modulus will result in the same or a
slightly conservative (greater) settlement prediction compared to use of
the original Janbu values.

Hough - Hough's method calculates settlements of sand using
one-dimensional compression theory, similar to that commonly used for
calculating consolidation settlement of clays. Hough provides an
empirical chart relating SPT N-values to the "bearing capacity index"
(C) for various soil types.

This method as presented in the FHWA "Soils and Foundations Workshop
Manual" (1983) outlines a procedure for accounting for stress
interaction between adjacent footings. A chart is provided for
correcting the SPT N-values for overburden pressure. The case of
preloaded soils is not addressed specifically by the method. As was the
procedure for tne Peck and Bazaraa method, calculated settlements were
reduced by a factor of two during this study to account for preloading.

Peck and Bazaraa - This method is based on the original Terzaghi and
Peck empirical equation with modifications made to address
overconservatism of the original approach.

Standard Penetration Resistance N-values are corrected to account for
overburden pressure. An embedment correction factor (Cp) is applied
when the footing is constructed in an excavation and then backfilled to
original ground surface. This correction reduces the calculated settle-
ment. The metnod does not specifically address the case of footings
placed on fill above original ground surface and judgement must be used
in those situations. It nas been assumed that Cp should be set equal

to 1.0 if embedment results from filling above original ground surface,

Tne method uses a groundwater correction factor, the use of which is
somewhat controversial. Some researchers suggest that the presence of
yroundwater is reflected in the N-values or CPT results.

The minimum width (B) is used to account for footing dimensions, with no
allowance made for footing shape. Also, Peck and Bazaraa suggest no
procedures for effects of adjacent footings.

No modifications are provided by Peck and Bazaraa if the sand is
prelcaded. For this study, however, settlements calculated by this
method were reduced by 50 percent when the sand deposit was preloaded.
The reduction is considered reasonable and consistent with other methods
such as D'Appolonia and Schmertmann,

Schmertmann - This method incorporates a vertical strain influence

factor in an attempt to model the strains occurring under the center of
a loaded area. The method was developed using CPT data to determine the
equivalent Young's Modulus for granular soils in compression. Although
the method is somewhat empirical, it has more of a theoretical basis
than do most of tnhe empirical methods studied.
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Schmertmann's method utilizes a procedure to account for increased
stress due to adjacent footings by increasing the minimum width B used
in the calculations (Schmertmann, 1970). The method also allows for the
effect of footing shape in the calculation.

A correction factor is provided for time-related settlement (creep);

however, it is regarded by some researchers as being overly conservative.
It has not been applied in the calculations during this study.

The method is directly applicable only to normally loaded sands, and
Schmertmann recommends reducing the predicted settlement by a factor of
two if the sands are determined to be preloaded.

In cases where CPT data are not available, it is possible to use the
method by converting SPT N-values to cone penetration resistance by
empirical relationships. This will add to the uncertainty of the
settlement predictions.

Calculation Procedures and Assumptions

The procedures summarized in appendix D for using the methods were followed
in the study calculations. Example calculations illustrating the use of
each method for footings under an abutment and a pier are given in appendix
E. Some of the more significant assumptions used in the calculations are
indicated below:

Estimating N-values in Structural Fill - When designing footings which
will bear on compacted structural fili, SPT N-values or values of CPT
resistance for the fill must be assumed., The gradation and density of
the structural fill at the study bridges differed significantly from
bridge to bridge. However for purposes of estimating settlement, a
corrected N-value equal to 32 blows per ft has been used for each case
of bridge footings on structural fill, This N-value was calculated
assuming a relative density of 65 percent for the fill which corresponds
closely to the normal compaction criteria for fill beneath bridge
foundations. CPT resistance for 65 percent relative density varies with
overburden pressure, but was approximated using Schmertmann's
correlation (1978).

Converting SPT N-values to CPT Resistance - Correlations by Schmertmann
{(1970) and Robertson and Campanella (1983) were used,

Effect of Soil Preloading - The Burland and Burbidge and D'Appolonia
methods account explicitly for soil preloading, Schmertmann's
recommendation of a 50 percent reduction in settlement due to preloading
was used for the other three methods. The only sands considered to be
preloaded were those at bridge no. 3.
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Effect of Nearby Footings - The Schmertmann and Hough procedures for
accounting for stress interaction between nearby footings were used for
those respective methods. Stress interaction was not considered for the
other methods.

Qther - In general, each method was applied adhering to the original
authors'/ developers' procedures with the modifications indicated herein
used for special conditions,

Compariscn of Calculated Versus Measured Settlements

Settlements were measured on 24 bridge footings during this study, listed in
table 7. Twenty-one of the footings (16 abutments and 5 piers) were
considered suitable for use in comparisons of the settlement calculation
methods and calculations of settlement were made using each of the selected
methods for these footings. Construction problems caused significant
disturbance to the soil subgrade at three footings, which is suspected of
causing additional short-term focting settlement. The three footings, which
were not used in the comparisons of the methods, are designated 512, $13 and
S18 in table 7,

Data on footing and structure geometry were obtained from design plans and
observations during construction. Loads on the footings were calculated as
the tributary weight of the structure members, Subsurface soil and
groundwater information was available from logs of original test borings
taken at each bridge site. Supplemental test borings and cone penetrometer
tests were conducted during this study to provide added SPT and CPT data and
thereby improve the overall subsurface database on which the settlement
calculations were based. The available subsurface data are available in
plan view in appendix B.

The 21 footings represent a variety of bearing conditions and footing
geometries. Footing geometries are shown in appendix B. Table 8 summarizes
key information used in the settlement calculations for each footing. The
data in the table indicate:

o The ragge‘in bearing pressures is relatively sma11; from 1.5 to 3.5 kips
per ftc.

o The footings represent.a wide range in plan d1mens1ons, with footing
widths from 8 to 28 ft.

o Seven of the footings were constructed on compacted fill placed above
natural soils. The remainder were placed directly on natural soil.

o Relative density of the bearing soils also differed widely, as evidenced

by N-values ranging from 8 to 58 and CPT resistance ranging from 28 to
183 kg/ cm2.
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Table 7, Study bridges.

BRIDGE STRUCTURAL ELEMENT
NO. BRIDGE LOCATION ELEMENT DESIGNATION - NOTES
001 Highway VT127 Abutment 1 S1
Burlington, Vermont Abutment 2 S2
002 Dickerman Rd, Abutment 1 S3
Cheshire, Connecticut Abutment 2 S4
Center Pier S5
003 Branch Avenue West Abutment S6
Providence, Rhode Island East Abutment 57
Pier 1 North S8
Pier 1 South S9
Pier 2 North S10
Pier 2 South S11
Pier 3 North 512 (1)
Pier 3 South S13 (1)
004 Route 28 South Abutment S14
Colliersville, New York North Abutment S15
005 Route 146 North Abutment S16
Uxhridge, Massachusetts South Abutment S17
006 VYT Route 11 Abutment 1 518 (1)
Chester, Yermont Abutment 2 S19
007 Conrail over I-86 Abutment 2 - S20
Manchester, Connecticut
008 Tolland Turnpike Abutment 1 s21
Manchester, Connecticut Abutment 2 S22
009 Route 84 Abutment 1 S23
Manchester, Connecticut Abutment 2 S24
010 Route 84 (2)
Manchester, Connecticut
Notes: 1. ConstructTon problems at these footings resulted in disturbance

to the subgrade soils and short term settlement was increased.

These footings were not used in comparisons of the settlement

calculation methods,
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Table 8. Study bridge data.{2)

BRIDGE STRUCTURAL g Nf Ne Y v B L D ac H  Syo
NUMBER ELEMENT (ksf) (blows/ft) (blows/ft) (kcf) (ft) (ft) (ft) (ft) (kg/cm?) (ft) max Nates
001 Abut 1 3.20 23 to 36 44 .120 12 17.0 63.7 F NA 117 2(F)
Abut 2 2.67 60 58 .120 12 17.0 63.7 F NA 117 2(F)
002 Abut 1 2.32 32 to 44 43 .120 11,5 15.25 52,5 F NA 35  2(F)
Abut 2 2.44 18 to 24 19 120 9 16.756 52.5 4 NA 42 3
Ctr. Pier 1.88 12 to 13 12 .120 4 12.50 41.0 5 NA 40 3
003 West Abut 1,70 18 to 20 34 .120 a1 11.0 74.6 F 28,61, 155 1(F)
90,125
East Abut 2.34 22 22 .115 12 18.5 79.0 5 NA 130 1
Pier 1 N 2.10 18 to 19 18 .120 6 21.0 21.0 5 NA 150 1
Pier 1 § 1,50 18 to 19 18 .120 6 21.0 30.4 5 NA 150 1
Pier 2 N Z.34 16 to 17 20 115 12 16.0 26.8 5 90,70,88 153 1
Pjer 25 2.48 18 to 22 22 .115 12 16.0 18.5 5 74 155 1
Pier 3 N 1,48 13 to 14 15 A1b 12 21.0 33.0 5 NA 120 1 (1)
Pier 3 S 1.60 23 to 28 25 .115 i2 21.0 30.0 5 NA 120 1 (1}
004 South Abut 3.30 21 21 120 28 8.1 42.9 F 165 197  2(F)
North Abut 3.43 8 8 .120 26.5 8.1 42.9 F 53 >150  2(F)
005 North Abut 2,40 34 to 37 42 .120 10 16.75 76.9 6 NA 52 2
South Abut 2.34 21 to 27 24 125 8 15.25 76.1 6.5 NA b1 2
006 Abut 1 1.88 37 to 53 55 .120 2 15.25 e6l.7 ] NA 10 2 (1)
Abut 2 1.79 25 to 34 39 .120 2 15,25 67.3 9 NA 10 2
007 Abut 2 2.14 19 to 22 24 .113,.115 44 28.0 28.0 0 62,131 2B 2
008 Abut 1 3.01 25 to 26 23 .115 0 20.0 100.8 22 NA >2B 3
Abut 2 3.25 26 to 31 38 .115 1 20.0 100.8 5 NA »>2B 3
009 Abut 1 3.51 33 to 40 39 .115,.120 17 21.75 444 F NA 41  2(F)
Abut 2 3.37 37 to 38 49 L1156 13 16.0 44 .7 0 114,183 48 2

Notes: 1. (same as table 7.}
2. Refer to table 3 for definitions.




Actual footing settlement was measured at each footing as described in
chapter 2. The settlements attributed to compression of the sand (total
settlement minus measured settlement of underlying compressible strata, if
applicable) are shown on figure 25. 1In some cases, measurements were taken
at multiple plan locations on the footings. In these cases, the settlement
of the footing (for comparison with predicted values) was assumed to be the
average of the values measured at the different locations. The measurements
were taken after construction of the footings, and the weight of the
footings was disregarded in the settlement calculations.

The results of the calculations are given in table 9. Calculated and
measured settlements are compared graphically in figures 26A through 26F.

The ratios of calculated to measured settlement ("ratio") are listed in
table 10 and plotted in figure 27, Values of calculated minus measured
settlement (“difference") are shown in table 11 and figure 28. The standard
deviation of these parameters is also shown on the tables,

The distribution of the difference values is illustrated in figures 29A
through 29F. The combined distribution for all methods are approximately
normal in shape, as was observed for measurements on other structures
reported by Burland and Burbidge (1984).

Figure 30 shows the results of settlement calculations for footings on fill,
using assumed N-values and using the measured N-values. The results using
the assumed N-values are of comparable accuracy to those using measured
N-values.

Figure 31 illustrates the results of using Schmertmann's method with actual
CPT data compared to converting SPT data to CPT values. The calculations
using the converted SPT overpredicted settlements to a greater extent than
calculations using actual CPT data.

The following can be observed from the data in the tables and figures:

0 The measured settlements were small, exceeding one inch at only one
footing. In the single case of settlement greater than one inch (2.3 in
at abutment 1 at bridge no. 6), construction dewatering problems in silty
sand soils are known to have disturbed the footing subgrade. Similar
construction problems are believed to have increased the settlements of
two footings which settled almost one inch {pier 3 at bridge no. 3). The
mean settlement of the 21 footings was 0.49 in.

o The mean values of the ratio of calculated to measured settlement ranged
from 0.75 (Peck and Bazaraa) to 1.90 (Hough).

o The average error of calculation with all field data, using the "ratio" as
the indicator, ranged from 1 {(D'Appolonia) to 90 percent (Hough).
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Figure 25, Settlements of study bridge elements used to compare
settlement calculation methods.
Table 9, Calculated versus measured settlements - study bridges.
CALCULATED SETTLEMENT (in)
Peck and MEASURED
ELEMENT Burland 2 Peck and Bazaraa ‘ SETTLEMENTS

DESIGNATION Burbidge D'Appolonia Hough Bazaraa w/ Ladd Schmertmann {in)

sl - 0.30 0.65 0.75 0.29 - 0.43 0.79 0.35
LY 0.12 0.39 0.94 0.1b 0.16 1.85 0.67
S3 0.13 0.30 1.21 0.19 0.28 0.86 0.94
S4 0.39 0.58 1.46 0.36 0.53 0.46 0.76
$5 0.57 0.38 0.98 0.42 0.61 0.30 0.61
56 0.34 0.50 0.61 0.17 0.24 0.52 0.42
S7 - 0.19 0.19 .0.40 0.30 0.45 0.18 0.61
S8 0.14 0.26 0.60 0.16 0.24 0.30 0.28
SY 0.11 0.20 0.53 0.16 0.24 0.18 0.26
S10 0.09 0.23 0.40 0.16 0.24 0.29 0.29
Sl 0.06 0.29 0.47 0.16 0.24 0.36 0.25
S12 0.97
$13 ‘ 0.98
514 0.40 0.57 1.27 - 0.50 0.70 0.41 . 0.46
S15 1.61 0.74 1.46 1.36 5.35 C1.597 0.34
$16 0.17 0.39 0.74 0.17 0.25 0.26 0.23
S17 0.23 0.46 0.82 0.28 0.41 0.40 - 0.44
Sl8 2,26
$19 0.65 0.10 0.33 0.07 0.10 0.04 0.83
S20 0.54 0.49 1.06 0.21 0,32 1.21 0.64
sl 0.31 0.56 0.84 0.52 0.78 0.29 0.46
S22 0.64 0.6l 1.3 0.34 0.51 0.54 0.66
$23 0.44 0.59 0.99 0.33 0.49 1,02 - 0.61
524 0.36 0.36 0.61 0.25 0.37 0.64 <. 0.28
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MEASURED SETTLEMENT (INCHES)

Figure 26,

CALCULATED SETTLEMENT (INCHES)

BURLAND &
BURBIDGE

D" APPOLONIA
HOUGH

PECK &
BAZARAA

SCHMERTMANN

Calculated versus measured settlements - study bridges.
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MEASURED SETTLEMENT (INCHES)
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Fiaure 26 Calculated versus measured settlements - study bridges

(Continued.)
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Figure 26, Calculated versus measured settlements - study bridges(Continued.)

0 The mean of the absolute values of the "“difference" for each method
ranged from 0.20 in (D'Appolonia} to 0.42 in (Hough}, This indicates
that for the study bridge footings each of the selectec methods was
able, on average, to predict settlement within about 0.4 in. The
difference exceeded cone inch in only five calculated cases (out of a
total 5x21=105 calculated cases) and in all five cases the calculated
settlement exceeded the measured value, a conservative error,

o The D'Appolonia and Burland and Burbidge methods produced the smallest
mean absolute differences, but underpredicted settlements by an average
of 1 and 17 percent, respectively. The D'Appolonia method also produced
the smallest standard deviation of the ratio of calculated to measured
settlement (0.51).

The Hough method produced the largest average ratio (1.90), and had the
largest mean absolute difference (0.42).

0 The Schmertmann method produced the largest standard deviation of the
ratio of calculated to measured settlement (1.04).
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Table 10, Ratio of calculated to measured settlements - study bridges.

CALCULATED/MEASURED
ELEMENT Peck and
DESIG- Burland and Peck and Bazaraa -
NATION Burbidge D'Appolonia Hough Bazaraa w/ Ladd(1) Schmertmann

sl 0.86 1.86 2.14 0.83 1.23 2.26
S2 0.18 0.58 1.40 0.24 0.24 2.76
3 0.14 0.32 1.29 0.20 0.30 0.91
54 0.51 0.76 1.92 0.47 0.70 0.61
S5 0.93 0.62 1.61 0.69 1.00 0.49
Sé6 0.81 1.19 1.45 0.40 0.57 1.24
S7 0.31 0.31 0.66 0.49 0.74 0.30
S8 0.50 0.93 2.14 0.57 0.86 1.07
S9 0.42 0.77 2.04 0.62 0.92 0.69
S10 0.31 0.79. 1.38 0.55 0.83 1.00
s11 0.24 1.16 1.88 0.64 0.96 1.44
S14 0.87 1.24 2.76 1.09 1.52 0.89
S15 4.74 2,18 - 4.29 4.00 15.74 4.62
S16 0.74 1.70 3.22 0.74 1.09 1.13
S17 0.52 1.05 1.86 0.64 0.93 0.91
S19 0.78 0.12. 0.40 0.08 0.12 0.05
S20 0.84 0.77 1.64 0.33 0.50 1.89
s21 0.67 1.22 1.83 1.13 1.70 0.63
S22 0.97 0.92 2.11 0.52 0.77 2.33
$23 0.72 0.97 1.62 0.54 0.80 1.67
S24 1.29 1.29 2.18 0.89 1.32 2.29
Mean 0.83 0.99 1.90 0.75 1,56 1.39
Standard 0.94 0.51 0.82 0.79 3.27 1.04
Deviation

Note: 1. Correction to footing size scaling factor is proposed by
Ladd (1984). Refer to text.
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Table 11, Calculated minus measured settlements - study bridges,

CALCULATED-MEASURED ("Difference")
ELEMENT Peck and
DESIG- Burland and Peck and Bazaraa
NATION Burbidge D'Appolonia Hough Bazaraa w/ Ladd{l) Schmertmann

sl -0.05 0.30 0.40 -0.06 0.08 0.44
S2 -0.55 -0.28 0.27 -0.51 -0.51 1.18
3 -0.81 -0.64 0.27 -0.75 -0.66 -0.08
S4 -0.37 -0.18 0.70 -0.40 -0.23 -0.30
S5 -0.04 -0.23 0.37 -0.19 0 -0.31
S6 -0.08 0.08 0.19 -0.25 -0.18 0.10
S7 -0.42 -0.42 -0.21 -0.31 -0.16 -0.43
S8 -0.14 -0.02 0.32 -0.12 -0.04 0.02
S9 -0.15 -0.06 0.27 -0.10 -0.02 -0.08
S10 -0.20 -0.06 0.11 -0.13 -0.05 0
S11 -0.19 0.04 0.22 -0.09 -0.01 0.11
S14 -0.06 0.11 0.81 0.04 0.24 -0.05
S15 1.27 0.40 1.12 1.02 5.01 1.23
S16 -0.06 0.16 0.51 -0.06 0.02 0.03
S17 -0.21 0.02 0.38 -0.16 -0.03 -0.04
S19 -0.18 -0.73 -0.50 -0.76 -0.73 -0.79
520 -0.10 -0.15 0.41  -0.43 -0.32 0.57
sz21 -0.15 0.10 0.38 0.06 0.32 -0.17
S22 -0.02 -0.05 0.73 -0.32 -0.15 -0.12
S23 -0.17 -0.02 0.38 -0.28 -0.12 0.41
S24 0.08 0.08 0.33 -0.03 0.09 0.36
Mean -0.12 -0.07 0.36 -0.18 0.12 0.10
Standard 0.38 0.28 0.34 0.36 1.15 0.48
Deviation
Using Absolute Values of "Difference":
Mean 0.25 0.20 0.42 0.29 0.43 0.32
Standard 0.30 0.20 0.24 0.27 1.07 0.36
Deviation
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FOOTINGS ON FILL
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SPT VS CPT DATA
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Figure 31. Calculation results for Schmertmann Method -
CPT versus SPT data.

3.5 CONCLUSIONS

General

As is the case for buildings and most other structures, footings can be a
viable alternative to piles for bridge foundations, both technically and
economically, at sites underlain by sand soils, Most bridges can be
successfully supported on footing foundations, at sites having medium dense
to dense sand bearing soils without underlying compressible soils (clay,
plastic silt, etc.). This conclusion is supported by the successful
performance of the study bridges and many other bridges throughout the
United States,

This study has compared the calculated and measured settlements for 21
bridge footings, using five settlement calculation methods. Each of the
bridges was constructed and put into service, and has performed very well,
during the study period. Measured total footing settlements of the study
bridge footings were typically less than one inch. At three footings where
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the soil subgrade was disturbed by construction activities, settlements of
0,97, 0.98 and 2.26 in were measured. Based on final total settlement
measurements, differential settlements between adjacent bridge elements
ranged from 0.0 to 1.43 in. Only in one case (bridge no. 6) did the
differential exceed 0.7 in. These data are given in table 12,

However, it is important to recognize the time rate of settlement in
relation to construction of the bridges. Settlement which occurs prior to
construction of the decks will not adversely affect the bridge unless the
magnitude is so great that the vertical alignment of the piers or abutments
is impaired. For continuous span bridges, only post-deck settlement can
cause bending moments and stresses in the structural frame. Therefore
analysis of predicted settlement and potential effects on the bridge should
account for the relative timing of the settlement versus the construction
stage of the bridge.

Most of the measured settlement of the study bridges occurred prior to
construction of the bridge decks. This is demonstrated in figure 14, which
shows that post-deck settlement of the study footings typica]?y ranged from
0.02 to 0.35 in, while one pier footing which had the soil subgrade
disturbed during construction settled 0.85 in. As indicated in table 12,
post-deck differential settlements were always less than 0.7 in, and
typically less than 0.2 in,

In a study for the FHWA, Moulton et. al. (1982) demonstrated that bridges
can tolerate differential settlements and still perform well, Based on

field studies of 314 bridges as well as theoretical analyses, they concluded
the following:

o Angular distortions (differential settlement divided by span length) of
0.004 and 0.005 could be tolerated for continuous and simply-supported
bridges, respectively. Using these criteria, a continuous bridge having
a span length of 50 ft can tolerate a differential settlement of 2.4 in
between supports,

o Settlements of those bridges that performed acceptably averaged 2.0 in.

Measured angular distortions for the instrumented bridge footings are also
given in table 12. The measured distortions are well within the criteria
described by Moulton and typically are smaller than Moulton's criteria by a
factor of 10,

Conclusions

The five settlement calculation methods differ in their basic approach,
assumptions, complexity and ease of use, The accuracy of the calculations
for each method for the study bridge footings, as measured by their average
absolute error, is summarized in table 13. Any interpretations of the
results of the study should be made recognizing that the number of footings
studied, as well as the range of bearing pressures, footing geometries and
other conditions, are statistically small. Considering these limitations,
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Table 12, Settlements at study bridges.

BRIDGE  STRUCTURAL MEASURED SPAN DIFFERENTIAL  DISTORTION
NO. ELEMENT SETTLEMENT (ft) SETTLEMENT ap /1%
(in) {in)
001 Abut 1 .35 (0.20)
140 0.32 (0.15) 0.00019
Abut 2 .67 (0,35)
u02 Abut 1 .94 (0.20)
‘ 110 .33 (0.09) 0.00025
Ltr. Pier .61 (0.11)
110 .15 (0.07) 0.00011
Abut ¢ .76 (0.1s)
003 West Abut 42 (0,15)
135 .15 (0.15) 0.00009
Pier 1 .27(ave.)(0.0)
120 .0 (0.14) 0.0
Pier ¢ .27(ave.)(0.14)
125 .70 (0.66) 0.00047
Pier 3 .Y7(ave. ) (0.80)
125 .36 (0.54) 0.00024
East Abut .bl (0.26)
u04 South Abut .46 (0.0)
195 .12 (0.15) 0.00005
North Abut .34 (0.15)
u05 North Abut .23 (0.10)
. ‘ 135 .21 (0.10) 0.00013
South Abut 44 (0.20)
ulb Abut 1 .26 {0.32)
110 .43 (0.05) 0.00108
Abut 2 .83 (0.27)
009 Abut 1 .61 (0.01)
140 .33 (0.01) 0.00020
Abut 2 .28 (0.0)

{( ) indicates

*  Where ap

1
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Table 13. Accuracy of calculation methods,

METHOD AVERAGE ABSOLUTE STANDARD DEVIATION

DIFFERENCE OF AVERAGE ABSOLUTE
{in}) DIFFERENCE (in)

Burla
D'App
Hough
Peck

Schme

Using
of al
each

the f
based

0

nd and Burbidge 0.35 0.39
olonia 0.33 0.47

0.50 0.36
and Bazaraa 0.41 0.47
rtmann 0.44 0.52

the average
1 methods for 0.29 0.45
footing

ollowing conclusions related to the calculation methods are offered,
on the results of the study:

On average, the selected methods when used separately can predict
footing settlement within about 0.4 in, on average. Larger error can
occur for individual calculations.

Based on the ratio of calculated/ measured settlements, three of the
five methods (Burland and Burbidge, D'Appolonia, and Peck and Bazaraa)
typically underpredicted settlement, while the other two {Hough and
Schmertmann) typically overpredicted.

The mean of the "ratio" for all 105 calculations is 1.17 and the mean
absolute difference for all the calculations is 0.30.

The D'Appolonia method was the most accurate, on average, with Burland
and Burbidge next. The Hough method provided the least accurate
predictions.

I1f the results of each method are averaged on a footing by footing
basis {as though all five methods were averaged for each footing), the
mean absolute difference for all 105 calculations is 0.30. This mean

compares to the range of means of 0.20 to 0.42 calculated separately
for each method (table 11).
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0 The accuracy of each of the methods is similar to the accuracy of other
analysis techniques used in geotechnical engineering, including methods
used to predict pile foundation settlement.

Based on experience, case history results and the performance of the
instrumented bridges, it can be expected that the total settlement of
properly-designed and constructed footings on medium dense or dense sand
would typically be on the order of one inch or less due to compression of
the sand, and post-deck settlements of bridges in such cases would be
expected to be even smaller,

Reconmendations

In general, it is believed that the selected settlement calculation methods
are sufficiently accurate for use in design of footing foundations for
pridges. The methods should be used with an understanding of their
lTimitations and assumptions. Design of footing foundations should be
performed by engineers knowledgeable of geotechnical engineering principles.

The methods provide a means to calculate settlement under a given set of
conditions, which existed in the cases used to develop the methods. Many
details of performing such calculations in actual design situations, such as
how to handle soil preloading or interaction between adjacent footings, have
not been explicitly explained by the developers of most of the methods.

many such details are addressed by two calculation examples given in
appendix E.

Based on the observations made during this study, it is recommended that the
settliement calculation procedures be used in the manner illustrated by the
calculation examples in appendix E. The procedures outlined in the examples
and herein represent tne consultant's interpretation of appropriate use of
the methods.

For use in practice, calculated settlements could be increased by a factor
to reduce the likelihood that actual settlements might exceed the calculated
values. The magnitude of the factor would depend on the calculation method
and the desired reduction of "risk". As can be seen on figure 27, if a
factor of 1.3 was multiplied times the calculated settlements using Burland
and Burbidge, all but one of the measured settlement would have been less
than the factored calculated value. Factors could be applied in a similar
manner to the other methods. However, considering the relatively small
magnitude of settlements measured at the study bridges, it would seem overly
conservative to design footings based on calculated values which are
arbitrarily increased in this way.

One possible modification to the Peck and Bazaraa method involves revised
scaling factors for footing size to account for soil relative density. Ladd
(1984) has proposed the modified factors shown on figure 32 to account for
increased scale effects for looser sands. Calculations using the modified
factors are summarized in tables 10 and 11, and on figure 32. The results
indicate an increase in the mean calculated/ measured ratio (0.75 to 1.56)},
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Figure 32. Peck and Bazaraa Method results with Ladd Modification.

an increase in the mean absolute "difference" (0.29 to 0.43) and an increase
in the standard deviation (0.79 to 3.27). However, one footing greatly
influenced the calculation (S15), possibly because the footing is bearing on
fill above relatively loose soil. The fill possibly limited settlement to a
much smaller value than was predicted by the calculations which were
influenced by low N-values in the soil below the fill, If S15 is not
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considered, the mean "ratio" is 0.85 and the mean absolute "difference" is
0.20, both significantly improved over the results without the correction.

Based on these results, it appears that in general Ladd's correction
improves settlement predictions of the Peck and Bazaraa method. Subject to
verification with a greater number of measurements, use of the modification
can be recommended.

Because the five methods account for the important parameters in different
ways, it appears appropriate to use two or more of the methods for design of
any particular bridge footing foundation. The magnitude of anticipated
settlement should be selected based on the range of the calculated values,
the level of confidence in the quality of the subsurface data and experience
with similar structures under similar conditions.

Adequate data on soil stratigraphy, compressibility, preloading and
variability must be obtained and interpreted. 1If possible, subsurface
explorations should be performed at each potential footing location to
obtain soil samples, groundwater levels, and SPT and/or CPT values. It is
recommended that the testing in the explorations be concentrated on the
depth range from the bottom of the footing to a depth equal to the width of
the footing. In this zone, continuous SPT and/or CPT data with depth will
provide a greater data base on which to estimate soil compressibility.

78



4. RISK-BASED METHODS IN GEOTECHNICAL DESIGN

4.1 INTRODUCTION

This section briefly summarizes the current state of the art of risk-based
methods for the design of shallow footings. More complete discussion is
presented in a companion report:

o "Geotechnical Risk Analysis: The State of the Art," FHWA Technical
Report No. 87/010, 1987.

o "Geotechnical Risk Analysis: A User's Guide," FHWA Technical Report No.
87/011, 1987.

The second of these reports is a step-by-step procedures manual for using
risk-based methods in geotechnical design.

4,2 STATE OF THE ART QF RISK-BASED GEOTECHNICAL DESIGN

Probabilistic and statistical methods in geotechnical engineering are of
several distinct forms, having different purposes. As a matter of
convenience, they may be divided into four groups by the methods they use
and the questions they answer:

- Probabilistic techniques,

- Statistical methods,

- Risk assessment, and

- Economic optimization (decision analysis).

Probabilistic Techniques and Reliability

Probability theory is a mathematical theory which can be used to
characterize uncertainties about engineering parameters and to describe the
relations among such uncertainties. Probability theory is used in
geotechnical engineering to translate uncertainties about engineering
parameters or variables through engineering models to draw conclusions about
the uncertainty in the predictions of those models. For example, given
information about the uncertainty in soil conditions, probability theory can
be used to calculate the uncertainty in bearing capacity predictions
calculated by Terzaghi's formula.

The application of probabilistic models to geotechnical systems to assess
safety is called reliability analysis. A reliability analysis replaces
conventional safety indices such as the factor of safety FS with indices
based on probability. The most common probabilistic index is the
“probability of failure" pg. This is the area under an estimated
probability distribution of facility performance lying, for example, beneath
FS=1. Other common probabilisti¢ indices are based just on averages and
standard deviations of predicted performance. The most important of these
is the first-order second-moment reliability index, B8, described below.
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Statistical Methods

Statistical methods are a set of techniques for drawing inferences from
observations. These methods use probability theory as a means for
describing variability and uncertainty, but they are more an ad hoc
collection of methods than a consistent theory,

Statistical methods are used in geotechnical engineering primarily to
analyze data on site conditions and environmental loads. To some extent
they are applied to validating model predictions against observed
performance. The intent of statistical analysis in geotechnical
applications is to make efficient use of data and to provide the
probabilistic characterization of uncertainty necessary for reliability
modeling or risk analysis. Increasingly, statistical methods are also being
used to plan efficient "scientific" sampling plans for gathering information
or validating models.

Risk Assessment

Risk assessment in its meaning here is the effort to bring all relevant
uncertainties together in an analysis to assess the aggregate uncertainty
facing a designer. That is, it combines a number of probabilistic analyses
each addressing different modes of performance, expert opinion, statistical
analyses, and so on in an attempt to comprehensively analyze a proposed
design, A proper risk assessment leads to predictions of rates of failure
and a quantification of the uncertainty in the rates.

To date, the use of risk assessment in geotechnical engineering has been
limited and often proprietary, for example, in evaluating risks for
insurance underwriting, An increasing area of use is in regulatory
licensing and evaluation of siting for hazardous facilities. [t appears
likely that risk analysis will also become more widespread in the design of
dams and other large projects.

Decision Making and Optimization

Optimization of design or project decisions by balancing risk against cost
requires not only risk assessment but also an analysis of the costs of
failure. In many cases such failure costs involve only economic attributes,
but in others they also involve nonmonetary costs: 1life loss, environmental
degradation, social disruption. Decision analysis and optimization attempt
to quantify the consequences of facility failures, combine these
quantifications with assessments of their associated probabilities, and
identify design options that balance conservatism against the cost and
likelihood of failure,

In geotechnical engineering, decision analysis approaches have been often
discussed, but seldom implemented in a comprehensive way. Applications have
tended to emphasize either careful assessment of consequences or careful
assessment of probabilities, but seldom both. The better applications of
decision analysis in geotechnical engineering for the most part have dealt .
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with regulatory problems, such as power plant siting, in which the principal
uncertainties and concerns do not deal with soil or rock mechanics problems.

4.3 GEQTECHNICAL RISK-ANALYSIS METHODOLOGY

The purpose of risk-based design is to improve but not fundamentally change
traditional practice. Specifically, the improvements involve two things,

0 the selection of design parameters and
o the economic rationalization of design.

In the first area, conservative soil properties are replaced with best
estimates and measures of uncertainty. This provides a repeatable criterion
for choosing parameters, and allows uncertainties in more than one parameter
to be combined. In the second area, factors of safety are replaced with
measures of confidence. This provides an explicit statement of uncertainty,
and allows design cost to be balanced against performance,

The term "risk-based design" as used here is not what many now call
“probabilistic design." In "probabilistic design," as that term is commonly
used, one attempts to predict actual rates of failure to be observed in the
field. Geotechnical engineering, however, involves many uncertainties only
some of which are explicit. Therefore, probabilities resulting from
analysis are not predictions of rates of failure in the field. Studies of
failures show that the majority are attributable to unanticipated loads,
gross errors, inadequate maintenance, and other factors that are not
analyzed. Uncertainty in an analytical prediction, as for example factor of
safety, has to do with the chance that, if the proper analysis had been made
and if the proper parameter values had been chosen, then the calculated
prediction of performance would have shown the design to be inadequate
(i.e., the correctly calculated FS would have been less than 1.0).
Risk-based design is an attempt to identify uncertainties in performance
predictions and quantify their effect. '

Describing Uncertainty

Evaluations of soil properties are conveniently expressed by a best estimate
and a measure of uncertainty. The mean and standard deviation,
respectively, are used to express these two attributes. The mean of a set
of measurements x=[xj,...,xp] is the arithmetic average,

m, = Tle x; = mean, (Eq. 2)
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The standard deviation is the square root of the moment of inertia of the
data about their mean,

S, =

1 2 = standard deviation. (Eq. 3)
* 7 mr ()

The square of the standard deviation (i.e., the moment of inertia) is called
the variance, The ratio of the standard deviation to the mean, or
proportional uncertainty, is called the coefficient of variation,

Qx = sy/my = coefficient of variation. (Eq. 4)

In dealing with two or more soil properties, not only may the individual
means and standard deviations be important but also the association among
different properties. The strength of such association is measured by the
covariance, or cross-product moment,

Cx,y = ﬁ-}-zz:(xi-mx)(yi-my) = covariance, (Eq. 5)

Components of Uncertainty

Uncertainty in a soil property x is expressed quantitatively by the standard
deviation sy. Four contributing factors must be considered in assessing
the magnitude of the standard deviation,

Spatial variability of the soil deposit.
Random measurement error or noise.
Measurement bias.

4. Statistical error due to limited testing.

W —

These are related to one another as shown in figure 33, Spatial variability
is real differences in soil properties from one location to another at too
detailed a scale to be accounted for in engineering calculations,
Measurement noise is random variability in measurements caused by operator
or instrumental effects. Together spatial variability and measurement noise
combine to produce data scatter.

Measurement bias is a consistent error in measured soil properties caused,
for example, by sample disturbance or the assumptions used in analyzing test
data. Statistical error is the estimation inaccuracy caused by limited
numbers of measurements and variations among test results. Together,
measurement bias and statistical error constitute systematic error in test
data. The distinction between data scatter and systematic error is shown in
figure 34.
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Figure 33. Sources of error or uncertainty in soil property estimates.
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Figure 34, Distinction between data scatter and bias error.
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In practical applications, separating the four components of uncertainty is
important for two reasons. First, each of the four components arise
differently from the others and is translated differently through an
engineering calculation. Second, the four components affect engineering
predictions in different ways and need to be accommodated differently from
one another in site investigations and in design. For example, spatial
variation of soil properties leads to variation among footing settlements at
the same site, Systematic errors lead to a difference between predicted
settlement and the average settlement realized in the field. Measurement
noise merely increases the imprecision with which footing settlements can be
predicted and cost-effective effort can usually be invested in removing such
noise from data.

The statistical procedures discussed in the report, "Geotechnical Risk
Analysis: A User's Guide," can be used to quantify the contribution of each
source of uncertainty in soil property estimates. With simplifying
assumptions these procedures lead to an expression,

5,0 =517 5,0 53"+ sy {Eq. 6)
for combining the four sources of uncertainty, in which s, - standard

deviation of the estimated soil property x at any arbitrary location defined
as follows,

slx. = Standard deviation due to spatial variation,
Szx = Standard deviation due to measurement noise, (Eq. 7)
53x = Standard deviation due to measurement bias,
S4x = Standard deviation due to statistical error.

Uncertainty in Engineering Calculations

The best estimate and uncertainty of a soil property x are translated
through an engineering calculation to obtain a corresponding best estimate
and standard deviation on a performance prediction y. For example, x might
be Standard Penetration Test blow count and y might be the settlement of a
shallow footing on sand. The best estimate (mean) and uncertainty (standard
deviation) of x (SPT blow count) are translated through the engineering
model used to calculate y (footing settlement) to obtain a mean and standard
deviation of y.

Operationally, the mean and standard deviation of x are translated through a
calculation by using a linear approximation., A performance variable y is
predicted from a soil property x using an engineering model g(x),

y = g(x) (Eq. 8)
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The model g{x) is approximated by its tangent at the mean of x ({figure 35).
Probability theory then yields the approximate results

my == glmy) (Eq. 9)

s - (dy)z 2 (Eq. 10

y T A x 9. 10)
TANGENT

APPROXIMATION

MEAN +/~ STANDARD
DEVIATION OF Y

}
+ N

7

PREDICTED VARIABLE, Y

MEAN +/- STANDARD
DEVIATION OF X

i),

INPUT VARIABLE, X

Figure 35, Yariability function approximated by tangent.

In words, the mean of y is calculated by using the mean of x as input to the
medel. This is the common engineering solution using the best estimate of x
as input. The variance (standard deviation squared) of y is calculated from
the variance of x by multiplying sy z by an infiuence factor equal to

the square of the derivat1ve of y thh respect to x. When y depends on more
than one soil property, x = [xi,...xpl, the corresponding forms of

equations 9 and 10 are

My = GlMy1,.e.slyn) | {(Eq. 11)

dy dy
DD DN (Eq. 12)

Wi o~
dx dx .,xj

i i
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Note that, when x; and Xj are independent, their covariance equals

zero. Since the covariance of an estimate with itself equals the variance,
when all the soil property uncertainties are independent equation 12
reduces to

2 dy 2 .2
sy =Z1-:(a"_1) sxi (Eq. 13)

In risk-based design the individual component uncertainties on x due to
spatial variability (sj 2), measurement_noise (sy £), measurement

bias (s3 2), and statistical error (sg 2) are individually

translated via equation 10 through the calculation y = g(x) to find
corresponding component uncertainties ony. This is shown schematically in
figure 36,

The individual component uncertainties on x are separately translated
through the calculation y = g(x) because they each have a different effect
on the corresponding uncertainty of y. For example, the systematic errors
summarized in s3 2 and s4 ¢ translate directly through a

calculation. If a ca]cu%ated result y depends proportionately on x, then
the relative error in x due to s3 2 and sq 2 produces the same

relative error in y. On the other hand, the influence of spatial
variability s; 2 does not translate directly through an engineering
calculation; 1t is affected by scale. The larger the volume of soil
mobilized, in general, the more the spatial variability averages out.

A size effect factor R is introduced to equation 10, to accommodate this
scale dependence,

é dy, 2 2
sly = R (a%) Slx (Eq. 14)

For most geotechnical problems O<R<1.0, and can be read from graphs or
tables., The derivation of R is beyond the scope of this summary, but is
considered in the User's Guide.

Unlike spatial variability and systematic error, measurement noise is
primarily a nuisance. To the extent possible one would like simply to
filter it out of an analysis. It affects the precision with which soil
properties can be estimated, but it has nothing to do with the true
variability of soil properties. Thus, if the magnitude of measurement noise
can be assessed, it can be removed to lessen the magnitude of data scatter,
Experience has shown that measurement noise often contributes 50 percent or
more of the variance of data scatter. Thus, statistically removing noise
can substantially decrease the uncertainty of a performance prediction.
Statistical techniques for assessing the magnitudes of measurement noise in
data are also discussed in "Geotechnical Risk Analysis: A User's Guide."
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Reliability Index

Figure 36. Schematic of error propagation through model.

In assessing reliability, both the mean prediction and its standard

deviation play a role.

Reliability is inverse]y related to the probability

that the performance y actually realized in service fails to meet some

specified value y,
standard, or so forth

reliability, as can be seen in figure 37,
beneath y, equals the corresponding area under the probability

d1str1but1on

As can be seen,

The value y, might be a failure condition, a
The mean m by itself is insufficient to judge

The probability that y lies

a calculation which yields a high mean but

also a high standard deviation (e.g., calculation 1) can lead to a Tower
reliability than another calculation (e.g., calculation 2) which has a Tower

mean but also a lower standard deviation.

To overcome this problem, the mean m, and standard deviation Sy are
combined in the reliability index
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Figure 37. Comparison of factors of safety with different
distribution patterns.

This index measures the number of standard deviations separating the best
estimate of y from the nominal failure value y,. The advantage of using
"beta as a measure of safety is that it captures the difference in

reliability illustrated in figure 37.

4.4 RISK-BASED DESIGN OF SHALLOW FOUNDATIONS

In this section the procedure outlined above is applied
to settlement calculations for the design of shallow footings on sand.

Site Conditions

The site is underlain by fine dry sand to a depth of 10m. Fifty SPT borings
were made across the site and a limited number of laboratory tests were
performed to correlate blow count with friction angle. The trend of
depth-averaged blow counts was corrected by Gibbs and Holtz's method, and
the autocovariance function used to estimate the contribution of noise to
total data scatter, as described in "Geotechnical Risk Analysis: A User's
Guide." For the upper levels of the profile which most strongly influence
the settiement of shallow footings, the average blow count is 16.6 blows/ft
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(bpf) and the average corrected blow count is about constant with depth at a
value of 25 (figure 38).

The standard deviation of the vertically averaged corrected blow count in
the upper levels is about sy=11bpf. Thus, the coefficient of variation is
(Qn=(11bpf/25bpf)=0.44, Using the technique to estimate noise developed

in the Users' Guide suggests that noise contributes about 50 percent of this
data scatter, measured in variances. Laboratory tests on specimens
recompacted to the in situ relative dens1ty led to an average friction angle
of 36.4° , and a standard deviation of 1.1°

Best Estimate of Footing Settlement

The results of applying the methods described in this section to predictions
of settlement and bearing capacity are shown in figure 38,

The footing is 10 ft wide and embedded 5 ft, with a design load of 3 TSF, as
shown, Settlement is predicted by the Peck and Bazarra formu1a, 1gnor1ng
correction factors for groundwater level, etc., as

~ (59 (B2 [1- 7 0/b] (Eq. 16)

in which,

applied stress (tons per square foot)

footing width (feet)

settlement (inches) (Eq. 17)
embedment depth (feet)

depth averaged blow count

=z O O

The mean settlement m, is found by substituting mean values of all the
parameters in equat1oﬁ in the same way that the deterministic solution

would be obtained. 1In the present case, the only uncertain parameter.-is SPT
blow count, N, for which my is subst1tuted The other parameters are
assumed to have negligible uncertainty. Inserting my into equat1on 16

gives the best estimate of settlement, m, = 0.7 inch.

Uncertainty of Settlement

The uncertainty in the settlement prediction is representéd by the standard
deviation s,, This is calculated by propagating the four sources of
uncertainty in the input parameter N through equation 16, using equation 10,

and then recombining the output according to an equation of the form
equation 6.

The first step in calculating s, is assessing the magnitude of the four

contributions to uncertainty in N: spatial variability, measurement noise,
measurement bias, and statistical error. The first two appear as data
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CALCULATION SHEET

PROBLEM: SPT data analysis CALCULATED BY:
DATE: CHECKED BY:

DATA SCATTER

DESIGN PROFILE: SPT data in a clean, wind-deposited sand.

Measurement Noise (from autocorrelation analysis):

Sy ¥ 7.8 bpf

Spatial Variability:

Raw Data:
n = 50 measurements
my = 16.6 between elevaticons 590' and 610
my© = 25 bpf, corrected blow count approximately constant with depth
for first 20!
sy = 11 bpf (total data scatter of vertically averaged blow counts}

50

2 _ 2 2
S‘|N = SN - SZN
= (11bpf)? - (7.Bbpf)?
2 * blow count, N
=~ (7.8 bpf)
10 20 30 40
610
SYSTEMATIC ERROR
e
Statistical Error Sggz & 800 :
2 2 - ®
SmN = SN /1’1 g
s (11bpf)2/50 o °
= (1.6bpf)? 3 590
U @
. 2 — ]
Measurement Bias S54°: u
e
<ignored> 580
\ .
) .‘k\\\\
570

Figure 38. Sample calculation of error propagation,
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CALCULATION SHEET

PROBLEM: footing settlement CALCULATED BY: GBB
DATE: CHECKED BY:

({b) UNCERTAINTY OF SETTLEMENT con't]

Systematic Error (statistical only, mcdel bias neglected)

n=50 borings thus the statistical error on the mean blow count at
any elevation is,

_ /7 (11bgf)2
S4 =/ 756 1.6bpf
N
sg? = (dp/am)? sy?

G/me)2 [ (28a) (2)% (1= Fo/b) 12 sy

2*10
1+10

(1/25%)2 [ (2.3)
(0.04")2

)2 - %-5/101 12 (1.6)2

(c) RELIABILITY INDEX

sp2 = (0.21% + 0.042) = 0.23"2

(d) OBSERVED SETTLEMENT

Observed Predicted
mp = 0.35"  0.70"
Sp = 0.12" 0.23"
Qg = 0.34 0.33

Figure 38, (Continued.)
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CALCULATION SHEET

PROBLEM: footing settlement ' CALCULATED BY:
DATE: CHECKED BY:
PROBLEM .
Ag = 3 TSF SOIL PROPERTIES
A2 0222022202
b=10" ) . " o N = vertically averaged
---------- . Vo 4 y |m=m———— corrected SPT blow
1111111117 o " |111114/ count
D=5'  JS//III my = 25 bpf
sy = 7.8 bpf real
Sy = 11 bpf data scatter
allowable p = 1" n = 50 measurements
{(a) BEST ESTIMTE (MEAN) OF SETTLEMENT
» 2AQ 2b 2 1 2+3 21042 1
m = — D — - — = — - —
P [mN ) (1+b) 1= 7 /el (5 ) (1+1o) (1= 3 310l
= 0,70"

(b) UNCERTAINTY (STANDARD DEVIATIOQN) OF SETTLEMENT

Spatial Variability

2 (@ vaN)Z sy?

il

Sp

(/mg?)? [ (28q) (D)2 (1-

1
a

(1/252)2 [ (2.3) (232 [1- & 5/101 12 (7.8)2

T+10

(0.22")2

Figure 38.(continued.)
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scatter and must be separated from one another. The second two are
systematic errors and can only be estimated by calculation (i.e., they do
not appear in data scatter or in any other explicit form).

The scatter in SPT data for the site, by empirical observation, has a
standard deviation of 11 bpf. Since about half the data scatter measured as

a variance appears to be noise, the standard deviation of the spatial
variability alone is

N (Eq, 18)

~ (11 bpf)Z - (7.8 bpf)2
~ (7.8 bpf)2

Based on an analysis of the structure of spatial variabjlity at the site,
the conclusion was reached that R=1.0 (the analysis of this case is
detailed in the User's Guide). As a result

2
0 (dp/dN) SN (Eq. 19)

w
n

(1/m A2 [ (200) (55 (1- Fo/w) 135 2

2.10,2

(1/25°)° [ (2.3) (5370)

[1- %-5/10] 1 (7.8)°

(0.22")2

In the calculations of figure 38 the measurement bias s3y is 1?nored

because blow counts are measured directly rather than be1ng inferred through
a model or set of calculations. Thus, it is assumed no error of
interpretation is introduced by the way measurements are analyzed.

As a general approximation, the statistical error in the mean value of any
N, expressed as a variance, is approximately equal to the data scatter
variance divided by the number of independent measurements, n. In the
present case, there are n=50 blow count measurements at any depth, so the
standard deviation of the statistical error is approximately
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2
: N (llgof) = 1.6bpf (Eg. 20)

The total error in the settiement prediction is found by combining the
sources of uncertainty according to an equation of the form of equation
4.4. The main causes of uncertainty are spatial variation and statistical

error. Measurement noise has been statistically removed from the
prediction, and measurement bias is ignored. This gives,

S, =51 ° 4 (Eq. 21)

Dividing both sides by m, 2 gives the same expression in terms of
coefficients of variation, often a more useful form:

0,2 =02 +9,2 = 0.31% + 0.06% = 1.00 (Eq. 22)
p . .
Qp = 0.33

The reliability index is calculated from equation 15 as,

M~ Po 0.70" - 1" (Eq. 23)

S S (R (Y B

The mean and standard deviation of the actually observed footing
settlements is shown in figure 38, The mean settlement was about half that
predicted, but the variability among footing settlements was close to the
spatial variability predicted. The differences between mean predicted settle-
ment and mean observed is due to two factors. In service, the footings were
subject to less than the design loads, and the settlement model of equation
15 itself contains bias. This latter bias could be accounted for by re-
gression analysis, and incorporated in the uncertainty analysis as an s3 term,

4.5 CONCLUSIONS

The method described in this section allows a quantified assessment to be
made of the degree of error in settlement calculations, based on the amount
and scatter of data obtained and on the confidence one places in the type of
tests used. This assessment can be used as a guide in deciding upon the
level of exploration and testing that is economically beneficial. If combin-
ed with considerations of the financial consequences of excessive settlement,
these assessments of error can be used as the basis for risk analysis.
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5. DESIGN OF SPREAD FOOTINGS ON ROCK

5.1 INTRODUCTION

General

Usually rock is regarded as the best bearing material for structural
foundations. Pile foundations through soft overburden soils are often
driven to a refusal resistance. This refusal is often equated with rock.
Thus, in the mind of the bridge designer, rock is a very desirable bearing
material. There are instances, however, where rock can present problems
such as in areas where sinkholes in limestone may make a footing foundation
impractical or in other areas where swelling or air slaking of rock or
decomposition of the rock exposed to frost or weathering may represent a
problem. Normally, however, the bearing capacity of the rock in its
undisturbed and protected state is greater than the adjacent soil materials.

Objectives and Scope

The objective was to produce "practical design" recommendations for spread
footings on rock. These recommendations have been included in section 5.5.
Practical design means that the design procedures should not require a
detailed, analytical rock mechanics approach but should be something
consistent with standard practice. The methods should more clearly
highlight rock types with unusual engineering properties or rock types
1ikely to have significant defects. The objectives include:

0 Review of the current design procedures for various types of spread
footings on rock. Refer to section 5.2,

o Identify the rock properties needed to complete the spread footing
design on rock. Refer to sections 5.3 and 5.4,

0 Prepare a recommended design procedure for spread footings on rock., For
design recommendations refer to section 5.5.

5.2 REVIEW OF CURRENT DESIGN PROCEDURES

General

If the rock beneath a footing were free of defects, then the allowable
bearing pressure could be taken, conservatively, as the average compressive
strength of unconfined rock core samples. Real rock masses, however, are
virtually never free of imperfections. There is usually one or more sets of
fractures which divide the mass into blocks, as illustrated in figure 39.
When load is applied, settlement may result from compression of individual
blocks, slippage between blocks, volume decrease of materials that fill the
spaces, and closing of open fractures. It should also be noted that
blasting effects may create new fractures or at least cause existing
fractures to open.
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BRIDGE PIER, ABUTMENT

Figure 39. Typical footing on discontinuous rock mass.

The potential for settlement under applied foundation loads is nearly always
the governing factor for design. Therefore, it is necessary to restrict the
allowable bearing pressure to a value considerably less than the unconfined

compressive strength.

Rational selection of an allowable rock bearing pressure should, therefore,
be based primarily on the in situ compressibility of the rock mass and not
the strength of intact rock core.

Bearing Capacity

Presumptive Bearing Values

In many localities, the allowable contact pressure for foundations on rock
is specified by building codes., Typical values are shown in table 14,

Many codes are not designed to meet local conditions, The allowable bearing
values are based only on highly generalized rock descriptions. There are
significant differences in allowable pressures for rocks of the same general
description.
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Table 14, Presumptive bearing stresses (tsf) for foundations
on rock {after Putnam, 1981),.

SOUND SOUND

‘ FOLIATED SEDIMENTARY SOFT  SOFT BROKEN
CODE YEAR BEDROCK ROCK ROCK ROCK SHALES  SHALES

Baltimore 1962 100 35 - 10 -— (4)
BOCA 1970 100 40 25 10 4 1.5
Boston 1970 100 50 10 10 --- (4)
Chicago 1970 100 100 100 -— - -
Cleveland 1951/1969  --- - 25 - -— -
Dallas 1968 .2qu .2qu .2qu .2qu .2qu .2q,
Detroit 1956 100 100 9600 12 12 -—-
Indiana 1967 .2qu .2qu .2qu .2qu .Equ .2qu
Kansas City 1961/1969 .2qu .2qu .2qu .2qu .2qu .2qu
Los Angeles 1970 10 4 3 1 1 1
New York City 1970 60 60 60 8 ——— -
New York State: ——— 100 40 15 --- _— _—
Ohio 1970 100 40 15 10 4 —_—
Philadelphia 1569 50 15 10-15 8 - _—
Pittsburgh 1959/1969 25 25 25 8 8 ——-
Richmond 1968 100 40 25 10 4 1.5
St. Louis ' 1960/1970 100 40 25 10 1.5 1.5
San Francisco 1969 3-5 3-5 3-5 --- - -
Uniform Bldg Code 1970 .2qu .29, .29, .29, .2qu .2q),
NBC Canada 1970 --- - 100 -—- --- -
New South Wales 1974 -—- -—— 33 13 4.5 -

(1 tsf = 96 kN/m2)

Year of code or original year and date of revision.

Massive crystalline bedrock.

Soft and broken rock, no shale.

Allowable bearing stress to be determined by appropriate city official.
- qy = unconfined compressive strength.

(5, 0 W FLN G o
1
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Presumptive values may be quite conservative relative to the actual capacity
of the rock. Nevertheless, an applicable code may govern unless there is
provision for a variance based on site-specific data.

Empirical Design Approach

Peck, Hanson and Thornburn {1974) present a correlation of allowable bearing
pressure with Rock Quality Designation (RQD). The RQD value is a modified
computation of percent rock core recovery that reflects the relative
intensity of jointing and hence the compressibility of the rock mass. Their
suggested values are shown below.

Table 15, Suggested values of bearing capacity
from Peck, Hanson and Thornburn (1974).

RQD ALLOWABLE PRESSURE (tsf)
100 300

S0 200

75 120

50 65

25 30

0 10

Note: See table 18 for recommended values based on rock type
and RQD.

Peck, Hanson and Thornburn recommend that if RQD is reasonably uniform
within one footing width below the footing, an allowable pressure may be
selected based on the average RQD. If, as is often the case, RQD tends to
increase with depth, then selection should be based on the RQD of rock
within about 1/4 the footing width below the footing. In no case, however,
should the allowable pressure be taken greater than the average unconfined
compressive strength of intact rock core samples. No increase in bearing
pressure is allowed for embedment, since the criteria is based on limitation
of settlement, not available strength.

Peck, Hanson and Thornburn estimate that settlement of foundations using the
allowable bearing pressures tabulated above would be no more than 1/2 inch.

The Canadian Foundation Engineering Manual (Canadian Geotechnical Society,
1978) suggests estimating the allowable bearing pressure with the formula:

Q, = Ksp Q,-core (Eq. 24)
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where
Qa = Allowable bearing pressure

Qu-core = Average unconfined compressive strength of rock
cores, as determined from ASTM D2938-N,

KSp = Empirical coefficient depends on the spacing of
discontinuities and includes a factor of safety
of 3 as follows:

SPACING OF DISCONTINUITIES Ksp
10 ft 0.4
3 to 10 ft 0.25
1 to 3 ft 0.1
where spacing is the perpendicular distance between paraliel

discontinuities as discussed under Spacing of Discontinuities in
section 5.3,

The guidelines are intended for use with a rock mass with favorable
characteristics; that is, the rock surface is perpendicular to the
foundation load, the load has no tangential component, and there are no open
discontinuities,

Burman and Hammet (1975) proposed a simplified design method whereby the
allowable bearing capacity for jointed rock masses would be taken as the
Brazilian or minimum nonuniform compressive strength of intact rock
material. They reviewed laboratory tests which indicated that nonuniform
load distribution within a jointed rock mass can lead to tensile fractures
of individual elements, and thus the jointed mass can have a strength
considerably less than the individual elements. The diametral point loading
used in a Brazilian test represents this mode of failure and is used to
define the lower limit of rock mass strength. The test can be conducted on
typical rock core samples. For further discussion refer to Intact Rock
Properties under section 5.3.

Field Load Test

Full scale field load tests, such as that shown on figure 40, are the most
reliable method of determining a design bearing pressure, However, these
tests are expensive and are generally not warranted unless very high
stresses are anticipated, such as for piers for a long span or arch bridge.

Plate jacking tests can be used under similar circumstances. They have the
advantage of being less expensive than full scale load tests, although
interpretation of results is more difficult due to scale effects. Test

apparatus and procedures for plate jacking tests are described by Deere
et al. {1967).
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HYDRAULIC JACKS L

M
LEXTENSOMETEHS
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Figure 40, Schematic sketch of field load-test arrangement for determining
bearing capacity and compressibility of rock. Concrete test pad is
loaded by hydraulic jacks reacting against steel tendons anchored at

great depth. Vertical strains are measured between extensometer
reference points anchored to rock walls of small drill-holes at
suitable locations. (From Peck, Hanson and Thornburn, 1974.}
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Comparison and Evaluation of Methods

Although it is the most reliable test to determine allowable bearing capa-
city, field load tests are generally not warranted unless very high stresses
are anticipated, and settlement is a potential problem, as for piers for a
long-span or arch bridge. If settlement is a real problem, the best esti-
mates will require large scale field tests, as described in the following
section on Settlement, Field Load Test. In these cases, it is best to have
field explorations, testing, and analysis performed by a geotechnical
engineer familiar with the exploration, testing, and design procedures.

Presumptive bearing values for codes can vary considerably in their
recommendations from one region to another, For the relatively low bearing
pressures typical of most bridge abutment footings in unweathered rock, the
code values are reasonable to use, since little or no economy can be
realized by increasing the values of allowable bearing pressures. For piers
where large loading is imposed, the code values may be overconservative,
leading to overly expensive foundations.

The Peck, Hanson and Thornburn approach is more rational, in that it takes
into account the intensity of jointing (RQD), which is an indicator of rock
mass compressibility. The method is intended to 1imit settlement to less
than 0.5 in, and allows bearing values for good quality rock (RQD 75
percent) which are greater than most presumptive values found in codes.

Figure 41 compares the Peck, Hanson and Thornburn values to permissible
bearing stress allowed by two typical building codes, It should be noted
that the allowable bearing pressure corresponding to RQD greater than about
75 percent exceeds the maximum bearing stress permitted for most
unreinforced concrete (fc = 4000 psi).

Settlement
General

As noted previously, when load is applied to footings on rock, settlement
may result from compression of individual blocks, slippage between blocks,
volume decrease of joint infill materials, and closure of open joints.

Design loads selected for bridge footings on rock are generally several

times less than the ultimate bearing capacity of the rock, and settlements
under the design loads for most bridge abutment footings would be very small.

However, on some heavily loaded foundations, such as piers for Tong-span
bridges or rigid arch bridges, settlement 1imits may be much smaller and
estimated settlement may be an important design consideration,

In order to estimate foundation displacement, it is first necessary to
estimate the deformation modulus of the rock mass. The modulus generally
varies with depth, so estimates of modulus of deformation with depth are
often necessary to determine the depth and size of foundations in order to
keep within tolerable settlement limits.
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Figure 41, Comparison of allowable bearing pressure criteria.
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In the following paragraphs, three methods of modulus determination and
settlement estimates will be discussed: Empirical Design Approach, Field
Load Test, and Finite Element Studies.

Empirical Design Approach
It is possible to make a crude estimate of settlement using elastic theory
and an empirical determination of in situ rock modulus, An expression for

vertical compression beneath the center of a uniformly-loaded circular pier
on a homogeneous elastic half-space is as follows (Kulhawy, 1978):

2
o) = P (1l - ) = P
(Eq. 25)
B A~ %E, al/2g

for the following typical values

vertica] deformation (inches)
poisson's ratio (about 0.20)
shape factor (about 1.0)

footing area (in2)

elastic modulus of rock mass (psi)
column load (1b)

UMl <c o

The main difficulty in applying the above equation (or other numerical
analyses) is in selection of an appropriate modulus for the rock. Modulus
values for intact core are not representative of the rock mass because they
do not account for the presence of fractures.

One method for estimating in situ rock modulus is to use a modulus reduction

factor Ep/E; or Ep/Egejs to estimate the relationship of the elastic

modulus of %he rock mass, E_, to either the intact rock core modulus,

E| » measured in the Taboratory or the seismic modulus, Egqig- Deere et

al (1967) have suggested a modulus reduction factor related to RQD and

velocity ratio, which is shown on figure 42. The velocity ratio is defined

as the seismic velocity of the in situ rock mass, measured in the field

(Vv E). divided by the sonic velocity of an intact specimen measured in the
oratory (V;). A high.quality, massive rock with high RQD would be

expected to have a velocity ratio approaching one, while poorer quality

rock, with Tower RQD, would have decreasing values, Deere et al. found an

approximate one to one correlation between the square of velocity ratio and

RQD for several sites, and therefore used the two indices of rock quality

interchangeably on figure 42. Bieniawski (1981) has also proposed a modulus

reduction factor related to his geomechanics rock classification rating

system,

An example settlement computation for a 5-ft-diameter-pier, bearing on a
rock mass having an intact modulus of 108 psi, is presented in figure 43,
As indicated, the settlements would theoretically be Tess than 1/2 in for

contact pressures up to the allowable value suggested by Peck, Hanson and
Thornburn (1974) or tab]e 15,
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Figure 44, Example of site-specific variation of
modulus reduction factor with RQD,

Field Load Test

It should be emphasized that actual settlements of a particular footing will
depend on site-specific rock conditions, The only reliable way to estimate
in situ rock modulus, and arrive at meaningful estimates of settlements is
to conduct large scale field load tests {see figure 40). The loaded area
must be the same area as a typical footing, or larger than the discontinuity
spacing so as to stress a representative volume of the rock mass. Deere et
al. {1967) describe the two most common types of field measurements of the
static in situ modulus of deformation: plate jacking tests and pressure
chamber tests.

In the case of plate jacking tests, the results can often be used directly
to estimate settlement, For variable rock conditions, the results of
several field tests can be correlated with intact rock core modulus
determined in the laboratory, and with RQD, to generate a curve for the site
similar to figure 44, Settlements for various contact stresses and rock
qualities can then be calculated.

Finite Element Analysis
The deformation below a footing on rock can also be estimated using the

theory of elasticity together with a finite element method of numerical
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modeling. As indicated previously, the results of these techniques are only
as good as the estimated in situ modulus of deformation. Finite element
methods are generally expensive and not warranted for most footing designs
on rock. However, for heavily loaded footings with odd shapes or eccentric
lcading, the finite element methods may be instructive in identifying
relative stresses and displacements beneath the footing and identifying and
understanding important factors which govern the behavior of the loaded rock
mass.

5.3 ROCK QUALITY PARAMETERS

General

Rock masses are complex, homogeneous media of intact rock materials and
naturally occurring discontinuities such as joints, shears, faults, bedding
planes and cleavage planes. The rock mass exhibits the characteristics of
both the rock materials and the discontinuities. Since most intact,
unweathered rock generally is stronger and less compressible than concrete,
the influence of these discontinuities should govern foundation design.
During the geotechnical investigations, it is important to determine the
spacing, attitude, thickness, amount of weathering and filling of all
discontinuities within the zone of influence of the proposed foundations.

The description of rock masses and their discontinuities is generally done
using drill core and/or outcrop mapping. The following sections review
important parameters used to classify intact rock and rock masses.

Geologic Classification

General

Rock may be defined as a consglidated or coherent and relatively hard,
naturally formed mass of mineral matter. Rock constitutes an essential and
appreciable part of the earth's crust. Rock cannot normally be excavated by
manual methods alone, For the purpose of differentiating between soil and
rock for payment purposes in contract specifications, rock is often defined
as solid rock or rock in place, the removal of which requires drilling and
blasting. For the purpose of design of footings, the latter definition is
more meaningful. There are many naturally occurring materials which may be
defined geologically as rock but which should be treated as scils. Examples
are: very weak rock or weak1¥ cemented rocks with unconfined compressive
strength Tower than 125 1b/in¢; and highly weathered or crushed rock or
other rock which can be excavated by hand using a shovel or pneumatic spade.

There are three classes of rock based on geologic origin as defined below:
[gneous Rocks
Igneous rocks were formed by solidification of molten material termed

magma. There are two kinds of igneous rock: intrusive {sometimes called
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Plutonic) rock, which was formed by slow cooling of molten magma at great
depth within the earth's crust, with resultant large crystals; and extrusive
(or volcanic) rock, which was formed by the rapid cooling of magma at the
earth's surface, with consequent very small crystals.

Examples of coarse grained intrusive igneous rocks are granite, syenite,
diorite and gabbro. The fine grained extrusive igneous rocks include
rhyolite, trachyte, andesite, basalt, and diabase.

Some noticeable features of igneous rocks are their uniformity of structure
and the presence of interlocking crystals. Because of the lack of
stratification or cleavage planes found in sedimentary and metamorphic rock,
igneous rocks are generally a competent footing bearing material when
urweathered.

Sedimentary Rocks

Sedimentary rocks are the products of the disintegration and decomposition
by weathering of pre-existing rocks. They may also derive from calcareous
constituents of lake and ocean waters, The rocks are consolidated by
mechanical cementation and by chemical precipitants, sometimes accompanied
by pressure. Examples of sedimentary rock are sandstone, 1imestone,
dolomite, shale, and chert,

Some noticeable features of sedimentary rocks include rounded grains,
stratification in relatively thick layers, and abrupt changes in color from
layer to layer. The various layers, or beds, may vary in texture, color,
composition, and thickness, Some compressible materials, such as bentonite
or soft shale, may be present in layers within a hard rock. Also, the
bedding planes are often inclined due to tectonic upheaval and they form
planes of weakness along which rock blocks may move when loaded.

Metamorphic Rocks

Metamorphic rocks were formed from igneous or sedimentary rocks which have
been altered physically or chemically by intense heat, pressure and
attendant gasses and 1iquids below the earth's surface. Examples are
quartzite, marble, slate, gneiss, and schist,

Some noticeable features of metamorphic rocks include a separation of
crystals into approximately paraliel layers, as contrasted to the uniformity
of structure of ignecus rocks; and the facility with which parallel layers
will break into slabs along these foliation planes. Depending on the degree
of lamination or foliation and its attitude, these planes of weakness can
have an impact on foundation design.

Intact Rock Properties

The primary intact rock property of interest in foundation design is the
unconfined compressive strength. Although it is known that the strength of
a jointed rock mass is generally less than that of the individual units of
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intact rock composing the mass, the unconfined compression test on intact
rock cores is often used to:

0 Provide an upper limit of the allowable bearing capacity of a rock mass.
0 Provide an index to assist in classifying the rock,

o In very weak or highly weathered rock, to provide an estimate of the
ultimate bearing capacity and also to determine if the rock is so weak
it should be treated like a soil (see Geologic Classification, General,
above).

Another test proposed for use by Burman and Hammet (1975) in assessing the
strength of a jointed rock is the Brazilian compressive strength. They
reviewed results of laboratory tests on simple block-jointed materials under
uniform compressive loading and suggested that the strength reduction below
that of unjointed material arises from nonuniformity of load distribution
within the jointed medium. This nonuniform loading can induce brittle
tensile fracture in the rock blocks. The Brazilian test uses a diametral
point Toading to determine the compressive strength of rock samples under
extreme conditions of nonuniform loading, as shown in figures 45 and 46.

Burman and Hammet indicate that the strength of a jointed rock mass will lie
between the limits defined by the Brazilian and unconfined compression tests.

Rock Mass Structural Features

Structural Discontinuities

Structural discontinuities are present in almost all near surface rock
masses. They are defined as the geologic features which separate intact
blocks of rock, such as joints, shears, faults, bedding planes, and
foliation planes. These discontinuities represent planes of weakness which
can reduce significantly the bearing capacity of a rock mass.

Nature and Orientation of Discontinuities

In assessing the impact of discontinuities on foundation design, it is
important to know the width {or aperture) of the opening, the character of
any infill materials, and the degree of weathering along the rock faces of
the discontinuity. In addition, the orientation of discontinuities should
be known with respect to the applied load.

Open, near vertical joints are often encountered in foundation excavations
in rock. Sometimes the joints will be soil filled. Below footing
foundations for bridge abutments such joints do not usually present
problems. If necessary, they may be cleaned out and filled with grout or
dental concrete.
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Figure 45, Brazilian compressive strength test: Nonuniform
compressive loading of blocks.
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Figure 46, Apparatus for Brazil test (after Bieniawski, 1981).
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Intersecting vertical joints, together with near surface weathering, can
create very large openings near the top of rock. In the case of a heavily
loaded bridge pier, the opening may constitute a significant fraction of the
bearing area of the pier, and require overexcavation until the joints
narrow, close, or until they are no longer within the base.

Nearly horizontal joints can also be a problem in foundation design,
Horizontal joints are often open due to relief of vertical stress from past
erosion of overlying rock. These joints are often filled with clay or other
compressible material. When loaded by a footing, settlement will occur, and
often the settlement will be uneven and possibly very sudden.

Faults and shear zones generally have an area of intense fracturing and
crushing from a few inches to several feet thick. Often the fault or shear
has been healed and the discontinuity may not impact the foundation design.
On the other hand, the fractured zone may consist of a fault gouge which has
low strength and high compressibility. In this case, the properties of the
gouge must be determined in order to make estimates of deformation under
design loads.

Spacing of Discontinuities

The spacing of discontinuities in a rock mass is an indication of the
overall rock quality and thus indirectly affects the allowable bearing
capacity of the rock. The spacing of discontinuities should be compared to
the proposed footing width, particularly for smaller footings or piers, 1If
the spacing approaches the footing width and the joints are tight and
unweathered, the rock properties below the footing should approach those of
intact rock,

Spacing of discontinuities can be defined using the terminclogy recommended

by the International Society for Rock Mechanics (1981) as described in
table 16.

Table 16, Definition of spacing of discontinuities.

Description

Extremely close spacing < 20 mm (0.8 in)
Yery close spacing 20 to 60 mm (0.8 to 2.4 in)
Close spacing 60 to 200 mm (2.4 to 7.9 in)
Moderate spacing 200 to 600 mm (0.7 to 2.0 ft)
Wide spacing 600 to 2000 mm (2,0 to 6.6 ft)
Very wide spacing 2000 to 6000 mm (6.6 to 20.0 ft)
Extremely wide spacing . > 6000 mm (20.0 ft)

Spacing is measured as the perpendicular distance between parallel
discontinuities. Measurement can usually be easily accomplished for rock
outcrops, however, for inclined discontinuities measurement of spacing from
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vertical drill cores can be difficult. If the rock has foliation or bedding
planes, the core pieces can be matched and oriented and the spacing measured
by:

S = L sine (Eq. 26)
where:
= Spacing
= Length measured along the core axis between adjacent
discontinuities of the same orientation
and @ = The acute angle these features subtend with the core axis.

If the rock has no foliation or bedding features and it is difficult to
match and align core pieces, a simple method of estimating the in situ rock
mass quality is to determine the fracture frequency, which is simply the
number of natural discontinuities (of any orientation) per unit length of
drill core. Drill cores with one fracture or less per foot would indicate a
good quality rock mass with properties approaching those of intact rock.
High fracture frequencies (four to six fractures per foot) would indicate a
poorer quality rock and the rock mass would be considerably weaker and more
compressible than the intact rock.

Rock Quality Designation (RQD)

RQD, or Rock Quality Designation, was developed by Deere (1968) as a
quantitative index of rock mass quality derived from drill core. RQD is
based on a modified core recovery procedure which indirectly takes into
account the number of fractures and the amount of weathering and softening
in the rock. RQD is determined by measuring and summing all the pieces of
sound core four inches and longer in length in a core run, and dividing this
modified recovery by the core run.

An example of determining RQD is given in figure 47. For a core run of 60
in, the total core recovery is 50 in, giving a core recovery of 83 percent.
The modified core recovery was 34 in, giving an RQD of 57 percent. The RQD
should be computed using NX (2-1/8 in diameter) or larger size core.
Smaller BX core may fracture and break due to the drilling operation and
thus Tead to incorrect values of RQD.

RQD provides a good preliminary estimate of the variation in properties of
the in situ rock mass from the intact rock core. From this, a general
assessment can be made as to the overall rock mass quality and engineering
behavior, Table 17 gives the relationship between RQD and rock mass
quality. An RQD of 100 percent would represent an excellent quality rock
mass whose engineering properties under footing loading would be similar to
that of an intact specimen. An RQD between 0 and 50 percent would represent
a poor quality rock mass whose engineering properties under footing loading
would be very much lower than those of an intact specimen, Nevertheless,
even poor quality rock with lTow RQD values can provide very satisfactory
foundation support. Refer to the settlement computations in fiqure 43 for
example where RQD of 25 results in settlement of less than 0.4 in for
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Figure 47, Determination of modified core recovery {RQD).

Table 17. RQD as an index of rock quality.

RQD DESCRIPTION OF
(ROCK QUALITY DESIGNATION) ROCK QUALITY
0- 25 VERY POOR
25- 50 PCCR
50— 75 FAIR
75- 90 GOOD
90~-100 EXCELLENT

applied stresses of 30 tsf. For typical bridges with loads less than 10 tsf
the settlement of poor quality rock would be tolerable.

Some problems arise in the use of RQD. One is drilling technique and

equipment. Poor drilling technique and equipment will "penalize" the rock
quality by lowering the recovery and causing fresh breaks which are not
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related to the quality of the rock mass. For these reasons, it is important
to use drillers experienced in rock coring, to use double-tube core barrels
of at least NX size {2-1/8 in diameter), and to have monitoring of core
drilling by a geologist or geotechnical engineer experienced in rock coring
procedures and equipment.

Another potential problem in using RQD is in determining tightness of
individual joints. It is not possible to determine joint aperture, or
opening width, from rock core unless expensive overcoring techniques or
borehole photography are used. Overcoring techniques are described in
Thompson et al. (1980), and borehole television techniques are described by
Ellis et al. (1977). RQD determination is not sensitive to joint aperture,
except in the case of very wide openings, whereas in some cases, such as for
horizontally jointed rocks, the in situ deformation modulus may be strongly
affected by the average joint aperture.

5.4 PROBLEM ROCKS AND CONDITIONS

General

A number of special problems and conditions can strongly influence the

design of rock foundations. Described below are four problem rocks and
conditions: weathering of rock, solution cavities, swelling rocks, and
foundations on rock slopes. In addition to these, other conditions or

defects, which may not be as common, can also impact design,

One of these conditions is creep in salt, gypsum, and in some cases in
clayshale and claystone. Creep is a continued, long-term deformation under
constant loading which can lead to long-term settlement problems. Another
condition is that of rock formations above abandoned mineral mines.
Long-term subsidence or even surface collapse can result, and often special
investigations and expensive treatment are required.

Weathering

Weathering may be defined as the group of processes whereby rocks, on
exposure to the weather, change in character, decay, and finally crumble
into soil. The processes of weathering may include the chemical action of
air and rain water and of plants and bacteria, and the mechanical action of
changes in temperature. Generally, the effects of weathering increase as
temperature and humidity increase,

Weathering in rock can result in a great variety of physical properties,
from a discoloration of hard, intact rock to a resultant soil-like material
which crumbles easily. There is often a zone of weathered rock between
overlying soils and underlying unweathered rock. This weathered zone may
have a great variety of physical properties over short horizontal and
vertical distances, and may be the controlling factor in foundation design
and construction.
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Peck, Hanson and Thornburn (1974) give a detailed description of various
types of weathering and the influence on design. Although few generaliza-
tions can be made concerning design of footings on weathered rock, the
designer should be aware of the possible presence of weathered zones; should
look for them in the exploration program; and be prepared to overexcavate
and lower foctings, or even change the foundation design during construction.

Solution Cavities

Solution features, such as irregular bedrock surface, open vertical joints,
clay seams, cavities and sinkholes, can pose serious design and construction
problems and require detailed attention during the exploration phase. These
features are encountered in gypsum and salt, but most commonly in karstic
limestone.

Because of the uneven surface and unpredictable rock quality, it may be very
difficult to predict the foundation elevation and allowable bearing
pressure, In addition, rocks with solution features or open structures are
generally very pervious, so groundwater control can be a problem where
bearing levels are below water levels. Groundwater levels can be irregular,
and because of the varied and unpredictable nature of the rock quality and
groundwater levels, a conservative approach is necessary during design,
Additional borings and probes are generally warranted in order to find and
define cavities, sinkholes, or other rock defects which might exist below
proposed foundations. The design should be flexible encugh to allow for
changes in bearing elevation or allowable pressure during construction, and
grouting of cavities may be included in the design.

Swelling Rocks

Foundation problems relating to swelling and heave can occur in rocks with
expansive or unstable minerals such as some clayshales with montmorillonite,
basalts with monzonite, and other rocks with pyrite, myrmekite, and
marcasite., Swelling in shales is most common. The unloading effect of
excavation can release locked in stresses and result in significant swelling
over prolonged periods of time. In addition, some "alum shales," which are
black, carbonaceous shales of the Paleozoic era, contain pyrite which
oxidizes and forms crystals of gypsum or jarosite. Significant swelling can
occur due to the growth of these crystals.

Foundations on Rock Slopes

O0ften bridge footings are required to be constructed on a rock slope or near
the top of a natural rock slope or rock cut. This is illustrated by the
photograph of figure 48 and schematically in figure 49. Figure 49 indicates
that discontinuities in the rock mass can form a wedge beneath a footing
which may be unstable due to the combined loading of the rock itself and the
footing. Procedures for the analysis of the stability of the rock cut are
shown on figure 49 and given in more detail in a Corps of Engineers Rock
Reinforcement manual (U.S. Army Corps of Engineers, 1980). In such a case,
rock dowels or rock anchors are frequently used as rock reinforcement to
stabilize the rock wedge,
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Figure 48 Photograph of bridge abutment on rock slope.

Figure 50 illustrates a situation of a footing on an inclined rock surface.
Grouted bars or dcwels are often placed in drill holes and cast into the
footing to provide resistance against sliding of the footing or an
underlying slab of rock.

Both cases serve to point out the need for an exploration program to define
the orientation of discontinuities and to define the nature and variations
in elevation of the top of bedrock in the area of proposed footings.

Rock Excavation

When rock excavation must be completed by drilling and blasting, the final
bearing surface will be irregular and often intentionally 1 to 3 ft lower
than the design grade. This overexcavation is accomplished for practical
reasons; rock will not reliably break on a flat plane between drill holes.
Therefore some overexcavation is planned to be sure that no high spots of
intact rock are left between drillholes. High spots would interfere with
placement of steel reinforcing and concrete for the footing. Removal of
high spots is typically too costly and time consuming, therefore
overexcavation becomes a tolerable design and field procedure. If the
overbreak zone is filled with concrete, after removal of loose blast rock,
then footing design is controlled by the rock properties, If the overbreak
is backfilled with compacted fill or crushed stone then footing design is
controlled by the soil or backfill properties.
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Figure 49, Corps of Engineers method of analysis of
rock cut stability.
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Figure 50. Treatment of rock footing on sloped surface.

Embedment of a footing into rock can thus result in extra cost and a loss in
bearing capacity. Since minor embedment of 6 in to 2 ft into rock does not
materially alter bearing capacity, foundation bearing design should
eliminate unnecessary embedment procedures, Where bonding to the rock is
required, use alternate methods such as the rock dowels shown in figure 50,

9.5 RECOMMENDED DESIGN PROCEDURES

Investigation of Rock

General

The exploration phase may often be the most important part of the design and
construction of footings on rock. The primary purpose of the exploration
program is to determine the location of the rock con which the footings will
bear. Information must be gathered on which to base a decision of an
allowable bearing pressure to use in design. Also, if there are weathering
effects at the top of rock, a determination must be made as to the required
depth of excavation into the rock.

Geologic Mapping
If rock outcrops exist in the vicinity of the proposed bridge footings,
valuable information can be gained as to rock type, discontinuities, and

other defects. Geologic mapping of outcrops should be done to determine
orientation, spacing, and aperture (joint width) of major joint sets. Often
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evidence of shear zones or faults is apparent at the ground surface or at
outcrops, and the orientation can sometimes be determined,

The International Society for Rock Mechanics (198l) gives criteria for
classification of rock masses as observed in outcrops. The spacing,
orientation, and aperture can be easily determined for observations of
outcrops, while it is difficult or impossible to do so with core borings
without the use of expensive borehole photography or core orientation
techniques,

Kulhawy and Goodman (1980) have ccrrelateu tue frequency of discontinuities
with RQD as shown in figure 49, Thus, a correlation can be made of RQD
using outcrop measurements of joint spacing. In this fashion, the allowable

bearing pressure can be estimated from the RQD as described in Settlement
Evaluation below.

DISCONTINUITY SPACING, S (IN.)
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Figure 51. Correlation between frequency of
discontinuities and RQD.

Rock Drilling
Rock core drilling should be done with equipment equal to or exceeding "NX"
size double tube core barrels with diamond bits, If rock is highly

fractured, triple tube core barrels and/or split inner Tiners may be
required to get good recovery. Drilling procedures are important in
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obtaining good recovery. Experienced crews should be used, and a geologist
or geotechnical engineer who is experienced in rock drilling techniques
should monitor borings in order to vary drilling depths and procedures based
on conditions encountered in the field. Changes in drilling noise,
vibrations, bit pressure, drill water 10ss, and advance rate should be noted
and carefully recorded.

For most bridge footings on rock, where imposed bearing pressures are
relatively low, core drilling should generally be extended to a depth about
10 ft into unweathered rock, to establish that there are no major rock
defects (i.e., faults, shear zones, solution cavity, etc.) below the
footing. Where high footing bearing pressures are required or where
settlement is a potential problem, core drilling should be extended to a
minimum depth below anticipated bearing elevation of about two times the
least footing dimension, to be sure that all rock is investigated within the
zone of influence below the footings.

If a highly irregular rock surface is encountered, such as a karst or highly
weathered rock, it may be more important and economical to obtain a 1ot of
information describing depth to rock rather than obtaining a few core
samples. This can often be done with air track rotary percussion drills,
which can quickly drill many holes to determine the top of bedrock. This
system uses the driller's "feel" for increased resistance to drilling to
determine the top of weathered and sound rock and changes in rock type.

An acoustic sounding technique, described by Stimpson, Brierly, and Liu
{1976) combines the use of a percussion drill with a sensitive noise level
indicator to better define the top of sound rock, Because of the different
sound transmission characteristics of overburden and bedrock, it is possible
to distinguish, by sound intensity and experience, when the drill bit
penetrates from overburden into bedrock. Figure 52 shows the technique
whereby a listening hole is drilled into sound bedrock and filled with
water. A geophone is lowered into this "1istening hole" and connected to a
noise level indicator. The operator "listens" toc the drilling noise and can
thereby distinguish whether the drill bit has encountered bedrock (a loud
noise) or a boulder above the rock (a muffled noise of reduced intensity).

Both these percussion drill techniques can drill many holes economically in
order to assist in determining top of rock. However, the technique is very
sensitive to the overlying soil conditions and to the experience of the
operators. Several core borings should always be used for correlation with
the air track data, and to obtain samples and RQD determination of the rock
mass below footing bearing elevation.

Core Evaluation

Classification

Rock core can be classified as described in section 5.3. C(Classification of
rock core is described in detail by the International Society of Rock
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Figure 52. Acoustic sounding technique for determining
top of bedrock.

Mechanics (1981). The'important parameters to be determined are rock type,
degree of weathering, and the nature, orientation, and spacing of
discontinuities.

RQD Determination

RQD should be determined, along with recovery, for all rock core runs. The

procedure for calculating RQD is described above in section 5.3, Rock
Quality Designation.

Laboratory Tests

Laboratory testing of rock core is generally not required except for the
case of heavily loaded piers or footings where very high bearing pressures
would result in savings or where settlement estimates are desirable based on
a modulus ratio of intact rock modulus to rock mass modulus.

Bearing Capacity Evaluation

It is recommended that allowable bearing pressures be determined based on a
combination of presumptive bearing values based on rock type and the use of
RQD to take into account discontinuities in the rock mass.
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As noted previously, the selection of presumptive bearing pressures based on
rock type, although very conservative, is generally satisfactory for most
footings for bridge abutments because of the low imposed bearing stresses,

If higher bearing stresses would be desirable to save money by reducing
footing size, RQD can be used to take into account the effects of
discontinuities in the rock mass.

The resulting table 18 is a combination of the presumptive bearing values of
BOCA (table 14) and the allowable contact pressures on jointed rock by Peck,
- Hanson and Thornburn {(1974) based on RQD (table 15). It should be noted
that allowable contact pressures noted are for unweathered rock. Use of the
bearing values noted, in unweathered rock, should result in less than 0.5 in
of settlement,

Most bridge footings, even when designed for the minimum possible footing
width, impose a bearing pressure on rock less than 10 tsf, so it can be seen
that an extensive core drilling program or laboratory testing program are
usually not warranted, The most important design aspects in these cases
will be to determine the depth to sound rock at foundation locations, and to
ensure that there are no major defects such as solution cavities or fault or
shear zones in the areas.

Settlement Evaluation

As noted previously, the use of allowable bearing pressures in table 18
should result in less than 1/2 in of settlement of the footing, provided the
rock is relatively unweathered. In the case where small differential
settlements could be a problem, such as in a rigid-arch bridge or long-span
bridge on highly loaded piers, settlement analyses can be performed using
modulus reduction factors which relate intact core modulus to rock mass
modulus (see section 5.2, Settlement).

In addition, tolerable movements of most bridge abutments are relatively
high compared to the 0,5 in criteria, A recent report for the National
Cooperative Highway Research Program (1983) investigated tolerable
settlements for bridge foundations. 1t was found that most transportation
agencies consider 1 inch of settlement to be a tolerable criteria, and a few
found 2 inches to be acceptable. The report concluded that these criteria
were conservative and that 2 to 4 inches of differential vertical movements,
depending on span length, were acceptable, provided that approach slabs or
other provisions are made to minimize the effects of differential settlement
between the approach embankment and the abutment. Thus, the proposed design
bearing capacity procedures for footings on rock include limits for
settlement which are much lower than the tolerable movement capacity of most
bridges. :

121



Table 18, Recommended allowable bearing pressures for
footings on rock.

Allowable
Material Contact Pressure
Crystalline Bedrock, including granite,
diorite, gneiss, traprock; and hard
l1imestone, and dolomite, in sound condition:
RQD = 75 to 100 percent 120 tsf
RQD = 50 to 75 percent 65 tsf
RQD = 25 to 50 percent 30 tsf
RQD = 0 to 25 percent 10 tsf
Foliated rocks, such as schist or slate;
and bedded 1imestone, in sound condition:
RQD > 50 percent 40 tsf
RQD < 50 percent 10 tsf
Sedimentary rocks, including hard shales
and sandstones, in sound condition:
RQD > 50 percent 25 tsf
RQD < 50 percent 10 tsf
Soft or broken bedrock {excluding shale),
and soft limestone:
RQD > 50 percent 12 tsf
RQD < 50 percent 8 tsf
Soft shale 4 tsf

5.6 CONSTRUCTION CONSIDERATIONS

Field Observations by Designer

An important step in the design/construction process for footings on rock is
the observation of the exposed rock bearing surface by the designer or his
representative, to ensure that rock conditions are as anticipated in the
design. Footing bearing surfaces should have all loose, fragmented or
weathered rock removed by jetting with high pressure air or water and should
be clean and relatively dry. The designer or his representative should 1ook
for defects such as those described in section 5.4, and if necessary,
modifications should be made to the foundation design or to footing bearing
pressures.
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If settiements were a concern during design, as for heavily loaded piers for
long span or rigid arch bridges, field monitoring of performance may be
required. The measured settlements should be checked against those
predicted, and again design changes should be made if necessary.

Rock Excavation and Construction Methods

If the bedrock surface is relatively unweathered and not excessively
fractured, and if the bridge design permits, the footing design should
permit the elevation of footings to be adjusted in the field so that rock
excavation is not necessary.

Where rock excavation by blasting is required to reach footing bearing
elevation, the blasting procedures often result in overbreak below the
design bearing level, and fracturing and opening of joints in the rock. The
specifications generally provide for the contractor to remove all loose and
fractured rock below bearing level and replace it with lean concrete. O0ften
there is significant overbreak and significant quantities of fractured rock
below bearing grade, resulting in a claim by the contractor for extra
compensation because of "changed conditions."

Where these conditions are anticipated, alternative construction procedures
may be specified for 1ightly loaded footings, such as for bridge abutments.
One procedure involves backfilling the overbreak with gravel instead of lean
concrete below the lightly loaded footings, Another alternative would
utilize a heavy, smooth drum vibratory roller to compact any loose rock
below subgrade level, followed by a choker course of crushed stone to
prevent piping of soil into voids in the blasted rock.

For abutments which also serve as earth retaining structures, the use of

crushed stone or gravel below footings on rock has the added advantage of
allowing the walls to yield inward slightly by rotation, thus reducing
lateral soil pressures on the wall to the active condition.

Dewatering

Design studies should have identified the natural groundwater levels within
the soil and rock at the proposed bridge. If the excavation for footings is
to be carried below the water table, provisions should be made in advance by
the contractor for dealing with water inflow. Footing bearing surfaces
should be kept clean and dry until the footings are concreted. This can
usually be accomplished by pumping from sumps within the excavation. If
large water infliows are expected or encountered in the field, deep wells
into rock may be required to draw down the groundwater table during
construction.
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6. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

6.1 INTRODUCTIUN

This research study of bridge foundation performance was based on analysis
of predicted and observed settlement of 10 case study bridges where
foundations were supported on cohesionless sand. The results of field
observations, including descriptions of monitoring equipment and procedures
are addressed in section 2. Methods for prediction of settlement for
foundations on sand were selected from existing engineering procedures;
evaluations of the methods are contained in section 3.

An introduction to risk-based analyses for geotechnical design problems is

presented in section 4 while recommendations for design of footings on rock
are outlined in section 5,

6.2 FOUNDATION COST COMPARISON

Where technically feasible, the use of spread footing foundations for
support of bridges represents an economical design choice. To confirm this
accepted concept, a foundation cost comparison was completed for three
bridge projects representing a range of highway bridge pier loads. The
bridges were selected to be representative of the range in pier 1oads which
could be encountered on a typical project.

To complete the comparison, a foundation design was prepared for each bridge
utilizing both spread footings and end bearing piles. Each bridge was
actually designed and built as a pile supported structure. Therefore basic
pile cap size, number of piles and design pier loads were known. In the
comparison, each site was assumed to be underlain by a medium dense sand
with a standara penetration resistance, "N", of about 15 blows per ft. At
this N value, extreme settiement due to 1iquefaction would not be a problem.
However, the designer would have to choose between either a pile or a spread
footing foundation based on comparative cost and settlement analyses.

For the pile alternative, pile cap size and number of piles were not
changed. The length, however, of the piling was increased with increased
depth of sand, but the pile length was limited to the depth where pile
penetration would be stopped under normal pile driving criteria. The data
for each site are summarized in table 19.

The shallow foundation alternate to deep piling was evaluated for each bridge
for the same set of so0il conditions including N-value and range of sand
thickness. For each bridge the footing dimensions were based on 1imiting
settlement to acceptable levels using predictive methods discussed in

section 3. Basically the total predicted settlement was lTimited to 1.0 in
and the resulting allowable bearing stress was used to size the footings.
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Table 19, Summary of site data for three study bridges.

Pier Pile Unit

No. of Load No. of Cost
Project Site Location Lanes  (kips) Piles Pile Type {($/LF)*
Mass. Rt. 31  Fitchburg P4 1,700 20 10 3/4 in X $24
over Kt. 2 MA 0.438 in
Rouses Foint Kouses Pocint 4 4,6U6 10 vertical HP 12 X 74 $24
bridge NY/VT 18 battered
tharter Uak Hartford CT & 17,300 73 HP 14 X 89 $29

* Concrete costs for pile caps and footing were estimated at $165/cu yd.

Since footing settlement in sand is controlled primarily by the
compressibility of the portion of the deposit (a depth of B to 4B below the

footing), an increasingly thick sand deposit beyond a depth of 4B does not
result in rapidly increasing footing costs.

The results are illustrated in figure 53 and clearly indicate increasing
costs as depth to firm bearing is increased. However, pile cost increases
more rapidly with increasing thickness of sand.
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Figure 53. Foundation cost per ton versus depth to firm bearing.

The premium cost of deep foundations was then evaluated. Premium cost was
defined as the difference in cost between a deep foundation system and a
conventional spread footing foundation. The premium cost relationships
shown in figure 54 were developed from the alternate foundation studies of
the three bridge sites. From the figure it is concluded that:
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Figure 54, Relation of premium foundation cost and pier load.

o For bridge pier loads less than about 1,000 tons, the premium costs
increase very rapidly.

o For larger structures with pier loads greater than about 2,000 tons the
premium cost is relatively constant for a given depth to firm bearing.

These observations suggest that the premium foundation cost associated with
larger structures is not as cost sensitive a choice when compared to the se-
lection of foundations for "average" structures, For the typical highway over-
pass bridge, abutment and pier loads are generally less than 1,000 tons. In
this load range a significant premium cost savings, as illustrated in figure
55, will be acnieved if spread footings are selected over piles. Thus on

the average project, every effort should be made to utilize spread footings.

In order to justify use of spread footings versus piles, the designer must
predict footing settlement., The settlement prediction methods outlined in
section 3 of this report, and particularly the D'Appolonia and Burland and
Burbidge methods, should be utilized to estimate total footing settlement.
However, it is most important that the predicted settlement be evaluated in
terms of the time rate of settlement. The performance data (figure 12) shows
that only about 25 percent of predicted settlement can be expected as post
deck settlement. Thus by utilizing the available settlement prediction proce-
dures and by comparison with observed bridge foundation settlement, the bridge
designer can justify reasonable settlement performance, the use of spread
footing foundations and therefore significantly reduce the project cost.
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6.3 CONCLUSIONS

Each of the areas of the research study involved evaluation of different
aspects of foundation design and practice for bridge foundations,
Descriptions of activities and conclusions are contained in the appropriate
sections of the report, Pertinent conclusions from each of the areas of
interest are sunmarized below.

Monitoring Bridge Foundation Performance:

Actual footing settlement data has traditionally been used to develop
enpirical settlement prediction methods for foundations on sand. During the
study, instrumentation plans were developed and a monitoring program was
conducted to document bridge foundation settlement behavior for a period of
several years. With regard to the instrumentation monitoring program it is
concluded that:

0 The measurement of basic settlement and tilt of the bridge foundation

should be obtained following the "partial instrumentation" plans
outlined in section 2.0.

o Careful coordination during design and construction must be
establisned. In particular, personnel assigned to the monitoring of
bridge performance must participate from beginning to end of the
project, Communications from the project site must be established, for
example, so that settlement points can be installed monitored,
transferred etc. as construction proceeds. The points or other
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instruments will be lost, buried or ignored during the construction
activities, unless the site staff from both engineering and contractor
office actively communicates construction schedules to the monitoring
staff.

o About 75 percent of the observed bridge foundation settlement occurs
within the construction period prior to placement of bridge deck.

o For the typical bridges observed in this study, post deck settlement was
less than 0.25 in.

Settlement Miethods and Analyses for Bridge Footings on Sand:

Many methods for prediction of settlement of footings on sand have been
proposed. Five methods were selected for evaluation in this study based on
acceptance within general foundation engineering practice. Based on a
review and application of the five selected methods it is concluded that:

o No method as proposed by the original author deals with all aspects of
foundation settlement predictions; aspects such as preloaded or normally
consolidated sand, non-uniform contact bearing stress, overiapping
stress from adjacent footings, groundwater and embedment effects are
treated differently or ignored by each method.

o Application of the selected methods by using reasonable interpretations
of the procedures can predict footing settlement within about 0.4 in on
average. Larger error can occur for individual calculations.

o Some methods tend to overpredict while others underpredict the
settlement. Based on the study data, the D'Appolonia method was most
accurate followed by Burland and Burbidge.

Risk Based Methods in Geotechnical Design:

The propagation of errors or uncertainty through engineering calculations
will Tead to a range in the final predicted quantity. The procedures
outlined in section 4 show that:

0 Metnods of analyses are available to evaluate sources of uncertainty in
terms of spatial varijation, measurement noise, statistical error and
bias.

Design of Spread Footings on Rock:

Traditionally, rock has been regarded as the best foundation bearing
material. Design of foundations should consider the following:

0 Design of foundations on rock should be based on consideration of the
discontinuities in the rock mass as well as the geologic classification
(strength) of the intact rock mass.



o Construction methoeds such as drilling and blasting causing fractured

rock placement of gravel or crushed stone fill over rock for grading or
drainage purposes can limit bearing stresses to well below that of the
rock mass.

6.4 RECOMMENDATIONS

Based on the experience gained through this study of bridge foundation
settlement, the following recommendations have been prepared:

Bridge foundation performance monitoring programs should be implemented and
the data stored to provide an enlarged statistical basis to judge the
effectiveness of settlement predictions and the satisfactory performance of
pridge foundations on sand,

Field explorations for bridges should include continuous sampling of the
influence zone below the footing. Normally a depth of 2B below the footing
should be more intensively tested, particularly when obtaining standard
penetration test data. Reliable groundwater level data must also be
obtained.

Footing design on sand should be evaluated in terms of settlement predicted
by using two or more of the design procedures outlined in section 3. The
range of settlement and level of confidence in the predictions must be
evaluated by an engineer familiar with site conditions and limitations of
the predictive methods. Acceptable settlement 1imits should be established
based on considerations of the time-settlement behavior for sand. For
example, relatively small "post-deck construction" settlement of about 25
percent of tne total settlement should be used for long term settlement
comparisons.

Design of spread footing bridge foundations on rock must consider the
geologic classification of the rock mass effect of joints and
discontinuities in the rock mass. Discontinuities may be natural or may
include surface irregularities due to use of conventional rock blasting
methods.5 Recommended design bearing capacity values are presented in
section 5.

For larger complex projects where design issues such as bearing capacity,
settlement or slope stability may be repeatedly analyzed for different soil
parameters, or imposed loadings, the “propagation of error" through the
calculations and the assessment of the risk of failure should be evaluated.
The methodology outlined in section 4 and in

FHWA RDB6/010 is recommended.
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APPENDIX A: SUMMARY OF CANDIDATE BRIDGES

CANDIDATE BRIDGE NUMBER: M5000 LOCATIONS: NORTH AVENUE SIDELINE OVER VT 127
BURLINGTON. VERMONT
HISTORICAL BACKGROUND:
GEQLOGICAL SETTING: LACUSTRINE DEPOSITS FROM GLACIAL LAKE CHAMPLAIN, SOME VARVES INDICATED IN
BORINGS, FINE SANDS INTERLAYERED WITH SILT

A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE AVERAGE CONE
DEPTH BELOW FOOTING SOIL DESCRIPTION RANGE AVERAGE RESISTANCE
o' - 12 MEDIUM~FINE SAND 28 - 92 56 --
12 - 227 SANDY SILT A-4 6 - 50 25
22' - 37! FINE SAND A-) 5 = 22 12
37' - 577 SANDY SILT A-4 5- 8 6
57' - 77! FINE SAND A-3 8 - 30 22
77' - 129° SANDY SILT A-4 14 - 79 41
129' BEDROCK

B. OTHER SUBSURFACE INFORMATION

NUMBER OF BORINGS: 8

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 10 TO 25 FEET
THICKNESS OF STRUCTURAL FILL BENEATH FOOTING: 12 FEET

REMARKS: COMPRESSIBLE SILT STRATA BENEATH GRANULAR SOQILS

2, DBRIDGE DESIGN DATA:

NUMBER OF SPANS: ONE SPECIAL FEATURES: SURCHARGE EMBANKMENT
SPAN LENGTH: 128 FT. REMARKS : 30 DAY SURCHARGE EMBANKMENT. 10-20
DESIGN BEARING PRESSURE: & KSF FEET HIGH OVER SILT. BOTTOM OF

EMBANKMENT 1S 12 FT. BELOW FOOTINGS.

3. BRIDGE CONSTRUCTION DATA
SURCHARGE 11/83 - 11/84

BEGIN CONSTRUCTION: 4/85 ‘ BACKFILL COMPLETE: 6/85
FOOTINGS CONPLETED: ALl - 5/85 STRUCTURE COMPLETE: 8/85

A2 - 5/85 PAVEMENT COMPLETE: 9/85
ABUTMENT WALL COMPLETION: 6/85 OPEN TO TRAFFIC: 9/85
WING WALL COMPLETION: 6/85 REMARKS :

4. INSTRUMENTATION SYSTEM: FULL SCALE

SETTLEMENT POINTS: 16 ' DEEP SETTLEMENT/STRAIN: 1
SETTLEMENT PLATFORMS: 14 REMOTE SETTLEMENT/PROFILE: 3
TILT/OVERTURNING POINTS: 8 CONTACT STRESS: 10 '

APPLIED LOADING: YES
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CANDIDATE BRIDGE NUMBER: 131-132-11

HISTORICAL BACKGROUND:

LOCATIONS:

I-691 UNDER RELOCATED DICKERMAN ROAD

SQUTHINGTON/CHESHIRE, CONNECTICUT

GEOLOGICAL SETTING:

GLACTAL QUTWASH SANDS OVER ARKOSIC SANDSTONE

1. SUBSURFACE INFCRMATION

A. TYPICAL SQIL PROFILE
GENERALIZED
DEPTH BELOW FOQTING

SOIL DESCRIPTION

0 - 357
5" +

B. OQTHER SUBSURFACE INFORMATION
NUMBER OF BORINGS: 9

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FCOTING:
THICKNESS OF STRUCTURAL FILL BENEATH FOOTING:

REMARKS :

STANDARD PENETRATION RESISTANCE AVERAGE CONE
RANGE AVERAGE RESISTANCE
7 TO 24 16

FINE SAND AND SILT
ARKQSIC SANDSTONE

35 FT.
0.5 TO 6.0 FT.

2. BRIDGE DESIGN DATA:
NUMBER OF SPANS: TWO

SPAN LENGTHS: 112 FT.
DESIGN BEARING PRESSURE: 5.0 KSF
3. BRIDGE CONSTRUCTION DATA
BEGIN CONSTRUCTION: 10/84
FOOTINGS COMPLETED: Al - 12/84
A2 - 11/84
ABUTMENT WALL COMPLETION: Al - 3/85
A2 - 12/84

WING WALL COMPLETION:

PIER COMPLETION: 12/84

4. INSTRUMENTATION SYSTEM: FULL SCALE

SETTLEMENT POINTS: 13
TILT/OVERTURNING POINTS: 10
REMOTE SETTLEMENT/PROFILE: 3
CONTACT STRESS: 9

136

SPECIAL FEATURES: PRESTRESSED/PRETENSIONED
GIRDERS

REMARKS :

Al - 11/85, A2 - 3/85
11/85

BACKFILL COMPLETE:
STRUCTURE COMPLETE:
PAVEMENT COMPLETE:
OPEN TO TRAFFIC:

REMARKS: NOT COMPLETE AS OF 6/86

APPLIED LOADING: YES
SETTLEMENT PLATFORMS:
DEEP SETTLEMENT/STRAIN:

NOT APPLICABLE
NOT APPLICABLE



CANDIDATE BRIDGE NUMBER: 931 LOCATIONS: BRANCH AVENUE, NORTHEAST CORRIDOR
PROVIDENCE, RHODE ISLAND

HISTORICAL BACKGROUND: REPLACEMENT OF 1910 VINTAGE STEEL BRIDGE ACROSS AMTRACK NORTHEAST CORRIDOR

GEOLOGICAL SETTING: GLACIAL OUTWASH PLAIN

l. SUBSURFACE INFORMATION
A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE AVERAGE CONE
DEPTH BELOW FOOTING SOIL DESCRIPTION RANGE AVERAGE RESISTANCE
0" - 15! MEDIUM-FINE SAND 16 - 38 24 64
15' - L40' FINE SAND (OUTWASH) 9 - 88 48 115
140" - 155°7 GLACTAL TILL 100+ --
L55 BEDROCK --

B. OTHER SUBSURFACE INFORMATION

NUMBER OF TEST BORINGS: 13

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 20 TO 30 FT.
THICKNESS OF STRUCTURAL FILL BENEATH FOOTING: O AS BUILT - 18°'
REMARKS: PRECONSOLIDATED SAND

2. BRIDGE DESIGN DATA:

NUMBER OF SPANS: FOUR SPECIAL FEATURES: 74 INCH SEWER UNDER
SPAN LENGTHS: 120 FT.+ CENTERLINE. BRIDGE
DESIGN BEARING PRESSUHE: 4.0 KSF FOOTING ON BOTH SIDES

REMARKS: BRIDGE ACROSS RAILROAD

3. BRIDGE CONSTRUCTION DATA

BEGIN CONSTRUCTION: 10-83 BACKFILL COMPLETE: Al - 1/84, a2 - 7/84
FOOTINGS COMPLETED: Al - 11/83 STRUCTURE COMPLETE: 8/84
A2 - 5/84 PAVEMENT COMPLETE: 11/84
ABUTMENT WALL COMPLETION: Al - 11/83 OPEN TO TRAFFIC: 11/84
A2 - 6/B4 REMARKS :
" WING WALL COMPLETION: Al - 12/83
A2 - 6/84

4. INSTRUMENTATION SYSTEM: FULL SCALE

SETTLEMENT POINIS: 42 APPLIED LOADING: YES, 2 PLACES
TILT/OVERTURNING POINTS: .12 REMARKS :

CONTACT STRESS: 9

REMOTE SETTLEMENT/PROFILE: 3
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CANDIDATE BRIDGE NUMBER: 5 LOCATIONS: RELOCATED GERSONI RD. - ROUTE 28 OVER D&H RR
& ROUTE 7, COLLIERSVILLE, NY

HISTORICAL BACKGROUND:

GEOLOGICAL SETTING: QUARTENARY ALLUVIUM OVER SILT

1. SUBSURFACE INFORMATLON
A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE AVERAGE CONE
DEPTH BELOW FOOTING SOIL DESCRIPTION RANGE AVERAGE RESISTANCE
0 TO 20 FT. COARSE-FINE SAND/ 2 - 37 17 55
SILTY SAND
20 TO 45 FT. SILTY FINE SAND 10 - 44 24 48
45 TO 165+ SILT 3 -13 6 --

B. OTHER SUBSURFACE INFORMATION

NUMBER OF TEST BORINGS: 5

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 20 TO 45 FT.
THICKNESS OF STRUCTURAL FILL BENEATH FOOTING: 25 FT.

REMARKS: COMPRESSIBLE SILT STRATA BENEATH GRANULAR SOILS

2. BRIDGE DESIGN DATA:

NUMBER OF SPANS: TWO SPECIAL FEATURES: SURCHARGE NORTH ABUTMENT
SPAN LENGTHS: 112 FT. : REMARKS :
DESIGN BEARING PRESSURE: 5.0 KSF

3. BRIDGE CONSTRUCTION DATA
SURCHARGE 10/83

BEGIN CONSTRUCTION: 3/84 BACKFILL COMPLETE: 5/84
FOOTINGS COMPLETED: W: 4/84 STRUCTURE COMPLETE: 9/B4
S: 4/84 PAVEMENT COMPLETE: 10/84
ABUTMENT WALL COMPLETION: N: 5/84 OPEN TO TRAFFIG: 11/84
S: 4/84 REMARKS :
WING WALL COMPLETION: 5/84

FPIER COMPLETION: 6&/84

4, INSTRUMENTATION SYSTEM: FULL SCALE

SETTLEMENT POINTS: 18 ‘ REMOTE SETTLEMENT/PROFILE: 2
SETTLEMENT PLATFORMS: 3 CONTACT STRESS: 4

DEEP SETTLEMENT/STRAIN: 1 APPLIED LOADING: YES
TILT/OVERTURNING POINTS: 15 REMARKS :
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CANDIDATE BRIDGE NUMBER:

HISTORICAL BACKGROUND:

GEOLOGICAL SETTING:

U-2-39 LOCATIONS: RQUTE 146 SOUTHBOUND OVER RELOCATED
LACKEY DAM ROAD: UXBRIDGE, MA

ROUTE 146 WIDENED TO 4 LANES - HISTORY OF MANY ACCIDENTS AT FORMER
2 LANE BRIDGE

GLACIAL OUTWASH PLAIN

4.

SUBSURFACE INFORMATION

A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE AVERAGE CONE

DEPTH BELOW FOOTING SOIL DESCRIPTION RANGE AVERAGE RESISTANCE
0 TO 55 FT. COARSE TO FINE SAND 10 - 47 27 --
55 + GLACIAL TILL 100+ -- --

B. OTHER SUBSURFACE INFORMATION

NUMBER OF TEST BORINGS: 8
THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 45 TO 55 FT.
THICKNESS OF STRUCTURAL FILL BENEATH FOOTING: &4 TO 5.5 FT. PROPOSED, NONE AS BUILT

REMARKS :

BRIDGE DESIGN DATA:
NUMBER OF SPANS:

ONE SPECIAL FEATURES:

SPAN LENGTHS: 112 FT. REMARKS :
DESIGN BEARING PRESSURE: 5.0 KSF MAX.

TOE PRESSURE

BRIDGE CONSTRUCTION DATA

BEGIN CONSTRUCTION: 11/84 BACKFILL COMPLETE: N: 5/84, S: 1/84
FOOTINGS COMPLETED: ©N: 11/83 STRUCTURE COMPLETE: 6/ 84
S: 12/83 PAVEMENT COMPLETE: 11/84
ABUTMENT WALL COMPLETION: N: 1/84 OPEN TO TRAFFIC: 11/84
5: 1/84 REMARKS :

WING WALL COMPLETION: 1/84

INSTRUMENTATION SYSTEM: FULL SCALE

SETTLEMENT POINTS: 20 CONTACT STRESS: 9
TILT/OVERTURNING POINTS: 12 APPLIED LOADING: YES
REMOTE SETTLEMENT/PROFILE: 3 REMARKS :
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CANDIDATE BRIDGE NUMBER: 45 LQCATIONS: VERMONT ROUTE L1 OVER THE MIDDLE BRANCH - WILLIAMS RIVER
CHESTER, VERMONT
HISTORICAL BACKGROUND: RIVER NQTED FOR RAPID RLISE AND FALL OF WATER LEVEL.
FOURTH BRIDGE AT THIS LOCATION,; SECOND BRIDGE DESTROYED IN 1927 FLOOD;
THIRD BRIDGE BUILT IN 1928 WAS OBSOLETE.
GEOLOGICAL SETTING: 100 FOOT HIGH EMBANKMENT OF LACUSTRINE SILT 100 YARDS DOWNSTREAM
20 FOOT HIGH QUTCROP OF MICA SCHIST 100 YARDS UPSTREAM.

1. SUBSURFACE INFORMATION

A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE AVERAGE CONE
DEPFTH_BELQOW FOOTING SOIL DESCRIPTION RANGE AVERAGE RESISTANCE
o' - 20' SILTY SAND/SILT 18 - 171 95 --

B. OTHER SUBSURFACE INFORMATION

NUMBER OF TEST BORINGS 4

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 20 FEET +
THICKNESS OF STRUCTURAL FILL BENEATH FQOOTING: 3 FEET

REMARKS: BOULDERS AND COBBLES MADE DRIVING OF SHEET PILING DIFFICULT.

2. BRIDGE DESIGN DATA:

NUMBER QOF SPANS: ONE SPECIAL FEATURES:
SPAN LENGTH: 115 FEET REMARKS :
DESIGN BEARING PRESSURE: 1.5 KSF

3. BRIDGE CONSTRUCTION DATA

BEGIN CONSTRUCTION: 6/83 BACKFILL COMPLETE: 9/83

FOOTLINGS COMPLETED: Al - 7/83 STRUCTURE COMPLETE: 9/83

A2 - 8/83 PAVEMENT COMPLETE: 10/83

ABUTMENT WALL COMPLETION: Al - 8/83 OPEN TO TRAFFIC: 11/83
A2 - 9/83 REMARKS: :

WING WALL COMPLETION: BSAME AS ABUTMENTS

4, INSTRUMENTATION SYSTEM: PARTIAL

24 SETTLEMENT POINTS
6 TILT/OVERTURNING POINTS
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CANDIDATE BRIDGE NUMBER: 76-88-7 LOCATIONS: T1-86
MANCHESTER, CONNECTICUT

HISTORICAL BACKGROUND:

GEQLOGICAL SETTING: VARVED GLACTAL QUTWASH SANDS OVER ARKOSIC SANDSTONE

1. SUBSURFACE INFORMATION
A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE AVERAGE CONE
DEPTH BELOW FOOTING SOIL DESCRIPTION RANGE AVERAGE RESISTANCE
0=-90+ COARSE TQ FINE 8 - 59 29 67
SAND

B. OTHER SUBSURFACE INFORMATION

NUMBER OF TEST BORINGS: 9

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 90 FEET
THICKNESS OF STRUCTURAL FILL BENEATH FOOTING: A-2 - 2 FEET
REMARKS :

2. BRIDGE DESIGN DATA:

NUMBER OF SPANS: FOUR SPECIAL FEATURES:
SPAN LENGTHS: 114 FT., 132 FT., REMARKS: RAILROAD BRIDGE CROSSING
162 FT., & 174 FT. 1-86

DESIGN BEARING PRESSURE: 6.0 KSF

3. BRIDGE CONSTRUCTION DATA

BEGIN CONSTRUCTION: 10/83 BACKFILL COMPLETE: 12/83

FOOTINGS COMPLETED: Al - 10/83 STRUCTURE COMPLETE: 9/84

A2 - 11/83 PAVEMENT COMPLETE: 9/84

ABUTMENT WALL COMPLETION: Al - 11/83 OPEN TC TRAFFIC: 10/84
A2 - 12/83 REMARKS :

WING WALL COMPLETION: 12/83
PIER COMPLETION: 3/84

4. INSTRUMENTATION SYSTEM: PARTIAL

SETTLEMENT POINTS: 8
TILT/OVERTURNING FOINTS: 3
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CANDIDATE BRIDGE NUMBER: 76-86-8 LOCATIONS:

HISTORICAL BACKGROUND:

I-86 AND CD ROADWAY UNDER TOLLAND TURNPIKE

MANCHESTER, CONNECTICUT

GEOLOGICAL SETTING:

VARVED GLACIAL OUTWASH SANDS

1. SUBSURFACE INFORMATION
A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE AVERAGE CONE

DEPTH BELOW FQOTING SO1L DESCRIPTION RANGE AVERAGE, RESISTANCE
¢ - 5 FT. COARSE TO FINE SAND 19 - 43 31 55
5 = 45 FT. MEDIUM SAND 9 - 62 38 142

B. OTHER SUBSURFACE INFORMATION
NUMBER OF BORINGS: &

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING:

45 +

THICKNESS OF STRUCTURAL FILL BENEATH FOOTING: 5

REMARKS ;

2. BRIDGE DESIGN DATA:

NUMBER OF SPANS: FOUR
SPAN LENGTHS: 145, 220, 220, 175 FT.
DESIGN BEARING PRESSURE: 6.14 KSF
3. BRIDGE CONSTRUCTION DATA
BEGIN CONSTRUCTION: 6/83
FOOTINGS COMPLETED: Al - 1/84
A2 - 7/83
ABUTMENT WALL COMPLETION: Al - 2/84
A2 - 7/83

WING WALL COMPLETION:
PIER COMPLETION: 2/B4

SAME AS ABUTMENTS

4, INSTRUMENTATION SYSTEM: PARTIAL

SETTLEMENT POINTS: 25
TILT/OVERTURNING POINTS: 8

142

SPECIAL FEATURES:

REMARKS: SUPERSTRUCTURE DESIGNED FOR
POST-CONSTRUCTICN DIFFERENTIAL
SETTLEMENT BETWEEN ADJACENT
SUPERSTRUCTURE UNITS

BACKFILL COMPLETE: 7/84
STRUCTURE COMPLETE: 9/84
PAVEMENT COMPLETE: 11/84
OPEN TO TRAFFIC: 11/84

REMARKS :




CANDIDATE BRIDGE NUMBER: 76-88-9 LOCATIQONS: CD-WB ROADWAY & RAMP 1 OVER BUCKLAND ST. (I1-86)

MANCHESTER, CONNECTICUT

HISTORLICAL BACKGROUND:

GEOLOGICAL SETTING:

4.

SUBSURFACE INFORMATION

A. TYPICAL SOIL PRCFILE

GENERAL1ZED STANDARD PENETRATION RESISTANCE AVERAGE CONE
DEPTH BELOW FOQTING SOIL DESCRIPTIQN RANGE AVERAGE RESISTANCE
0 - 35 COARSE TO FINE SAND 20 - 81 44 -~
SOME SILT
35 + DECOMPOSED ROCK 100+ -
B. OTHER SUBSURFACE INFORMATION
NUMBER OF BORINGS: 5
THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 30 FEET
THICENESS OF STRUCTURAL FILL BENEATH FOOTING: 5 TO 10 FEET
REMARKS:
BRIDGE DESIGN DATA:
NUMBER OF SPANS: ONE SPECIAL FEATURES:
SPAN LENGTH: 146 REMARKS :
DESIGN BEARING PRESSURE: 7.0 KSF
BRIDGE CONSTRUCTION DATA
BEGIN CONSTRUCTION: &/83 BACKFILL COMPLETE: 11/83
FOOTINGS COMPLETED: 8/83 STRUCTURE COMPLETE: 6/84
ABUTMENT WALL COMPLETION: 9/83 PAVEMENT COMPLETE: Prior to 11/85
WING WALL COMPLETION: 10/83 OPEN TO TRAFFIC: Prior to 11/85
REMARKS :

INSTRUMENTATION SYSTEM: PARTIAL

SETTLEMENT POINTS: 20
TILT/OVERTURNING POINTS: 10
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CANDIDATE BRIDGE NUMBER: 78-88-3 LOCATIONS: 1I-86 EB & WB & RAMPS A, J, & P UNDER MIDDLE
TURNPIKE WEST, MANCHESTER, CONNECTICUT

HISTORICAL BACKGROUND:

GEDLOGICAL SETTING:

1. SUBSURFACE INFORMATION

A. TYPICAL SOIL PROFILE

GENERALIZED STANDARD PENETRATION RESISTANCE  AVERAGE CONE
DEPTH BELOW FOOTING SOIL DESCRIPTION RANGE AVERAGE RESISTANCE
0 - 10' GRAVELY SAND 8 - 55 24 --
10 - 30' FINE SAND & SILT 3 - 44 30 --
'+ ARKOSIC SANDSTONE

B. OTHER SUBSURFACE INFORMATION

NUMBER OF TEST BORINGS: 12

THICKNESS OF NATURAL GRANULAR SOIL BENEATH FOOTING: 28 FEET
TRICKNESS OF STRUCTURAL FILL BENEATH FOOTING: 2 FEET TYPICAL
REMARKS :

2. BRIDGE DESIGN DATA:

NUMBER OF SPANS: FIVE SPECIAL FEATURES:

SPAN LENGTHS: 155, 160, 171, 180 & 195 FT. REMARKS: SUPERSTRUCTURE DESIGNED FOR
DESIGN BEARING PRESSURE: 6.0 TO 8.0 KSF POST-CONSTRUCTION DIFFERENTIAL
SPECIFICATION FOR STRUCTURAL FILL SETTLEMENT BETWEEN ABUTMENT NO.

2 AND PIER NO. 4.

3. BRIDGE CONSTRUCTION DATA

BEGIN CONSTRUCTION: Not Determlned BACKFILL COMFLETE: Not Determined
FOOTINGS COMPLETED: Not Determined STRUCTURE COMPLETE: Not Determined
. PAVEMENT COMPLETE: Not Determined
ABUTMENT WALL COMPLETION: Not Determined OPEN TO TRAFFIC: 11/85
REMARKS :

WING WALL COMPLETION: Not Determined

4. INSTRUMENTATION SYSTEM: PARTIAL

SETTLEMENT POINTS: 20 REMARKS: POST CONSTRUCTION
SETTLEMENT ONLY
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APPENDIX B: SUBSURFACE EXPLORATION LOCATION PLANS h
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APPENDIX C: INSTRUMENTATION PLANS
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APPENDIX D:

METHOD:
REFERENCES:

BASIC EQUATION: o (inches) = ag P (%EI)

SETTLEMENT CALCULATION METHODS

Alpan
Alpan, I,, "Estimating the Settlements of Foundations on

Sands," Civil Engineering and Public Works Review, November
1964.

2

PARAMETERS:

COMMENTS:

ag = reciprocal of modulus of subgrade reaction
of test plate (in.-ft.Z2/ton)

P = footing bearing pressure in tons per
sq. ft.

B = footing width in feet

1. o is determined from chart, Alpan {1964). ag 15 a

function of the SPT blow count at foundation level,
corrected for overburden pressure by Gibbs and Holtz
method. A chart for correcting SPT results for overburden
pressure is.also given by Alpan (1964).

2. Correction factor for footing shape {rectangle or circle)
is also given in chart form by Alpan (1964).

3. Method is based on Terzaghi and Peck approach., See
comments given for Terzaghi and Peck method.
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METHOD :

REFERENCES:

Buisman-DeBeer

DeBeer, E., "Bearing Capacity and Settlement of Shallow
Foundations on Sand," Proceedings, Symposium on Bearing
Capacity and Settlement of Foundations, Duke University, 1965,

BASIC EQUATION:

PARAMETERS:

COMMENTS :

ql

Vo

1.

Z g + Ag
v 2.3 Vo v
p = % (—E—J az log (——?i;;————)

= initial effective overburden pressure
at center of layer of constant C

s 3 %
= sand compressibility = > (%;E)

= cone point penetration resistance
= thickness of layer of constant C

= change in vertical effective stress at
center of layer

Method follows the same approach as used for calculating
consolidation settlement of clays. The soil is divided
into layers of constant C, and the change in vertical
stress as a result of the applied loading is calculated at
the center of each layer. If qc. is constant with depth
use Boussinesq equation for aocy:

soy = 3P cos® o
Zrz?

If gc increases with depth use Buisman
equation:

Aoy = 2P cosb o
wZ ¢

Equation above applies only to normally consolidated
sands. For overconsolidated sands, DeBeer suggests
performing an oedometer test on the sand in the laboratory
and multiply C by the slope of the laboratory e vs. log

oy 1ine in the rebound compression range divided by the
slope of the virgin compression 1ine. The quantity
calculated is the value of C to be used in the above
equation for over-consolidated sands.
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METHOD: Buisman-DeBeer {(continued)

3. The mean ratio of predicted to measured settlement using
this method was 2, based on 50 highway bridges studied in
Belgjum by DeBeer.

4, Meyerhof has proposed the use of
C = 1.9 (q¢/aye)
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METHOD:

REFERENCES:

Burland
Burland, J.B. and Burbridge, M.C., "Settlement of Foundations

on Sand and Gravel," Institution of Civil Engineers - Glasgow
and West of Scotland Association, 1984,

0.7

2
BASIC EQUATION: o (mm) = fg f] ft [(q'- F ovo) = B~ * Ic]

PARAMETERS:

COMMENTS :

q = avera%e gross effective applied pressure
(kN/m¢)

oyo' = maximum previous effective overburden
pressure (kN/m?)

B = width of footing (m)

I = compressibility index = 1;71

N1.4

N = mean SPT N over depth of influence (Zj)

Z1 = function of B, presented graphically
by Burland (1984) (see below).

fe = shape correction factor

fi = correction factor for thickness of sand
or gravel layer

ft = time factor, used if t>3 yrs.

1. This method establishes an empirical relationship between
average SPT blow count, foundation width, and foundation
subgrade compressibility. It is based on regression
analysis of case studies.

2. Blow counts are not corrected for overburden pressure, but
are corrected if subgrade consists of fine or silty sands
below the water table. Correction is made according to
that proposed by Terzaghi and Peck (1948), N. = 15 + 0.5
(N-15) for N>15. 1If subgrade is gravel or sandy gravel,
Ne = 1.25N.

3. Use of the three correction factors, (fg, fy, fi) is
outlined in detail by Burland (1984).
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METHOD: Burland {continued)

4, If the sand is overcconsolidated and the change is less
than the effective preconsolidation pressure, the valve of
1. should be reduced by a factor of 3.

IDD. T T -t Ty
P -
-
-a_ -
E 1ok ﬂ
N .
=
i1 11l L Lt
| 10 100

B (meters)

Depth of influence Zj vs. footing width B,
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METHOD: D'Appolonia

REFERENCES: D'Appolonia, D.J., D'Appolonia, E., Brissette, R.F., {May
1968), "Settlement of Spread Footings on Sand," {(closure)
Journal of Soil Mechanics and Foundation Division, ASCE, Vol,
96 (SM2), pp. 754-761.

BASIC EQUATION: o = }9'_3 hgh

PARAMETERS: q = footing bearing pressure
B = footing width
M = modulus of compressibility of sand
kg = embedment correction factor (see below)
u] = correction factor for thickness of

sand layer (see below)

COMMENTS: 1. Corrections for embedment and layer thickness are given in
D'Appolonia (1968).

2. Empirical chart for determining M from Standard
Penetration Test {(SPT) results is given by D'Appolonia
(1968) (see below) for both normally consolidated and
overconsolidated sands. The overconsolidation of the sand
deposit must be determined by geological or other
methods. SPT resistance used in the chart is the average
blow count in the depth B below the footing bearing level.

3. Method is based on elastic theory. Soil modulus versus
SPT relationships determined by backcalculating M from
case studies of actual footings. Relationships have been
established from a limited database, particularly for the
cverconsclidated scils.,
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METHOD: D'Appolonia {continued)

L=-Length p-0.5 !.0
q

T, N
Hl g ° T

1
0 = AVERAGE SETTLEMENT

10 20
p=pok qB/E b/B
2.0
=00
L/8 L/B=10
L/B =5
i 1.0 L/B =2
|
SQUARE
CIRCLE
0! |
0.1 | 10 100 1000

H/B

Correction factors (after Christian and Carrier 1978).

1000

PRELOADED

All data for loading foundations
on clean sand or sand and gravel

NORMALLY LOADED
s5o0T

SAND OR
Legend: SAND AND GRAVEL
¢ Table
[ ]

& Site

(4) Average of number of loadings
]

M = psl/s = tsf

L

0 20 40

60
AVERAGE MEASURED SPT RESISTANCE IN DEPTH B BELOW FOOTING,
BLOWS/FOOT

Modulus of compressibility vs. blow count.
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METHOD:

REFERENCES:

Hough

Hough, "Compressibility as the Basis for Soil Bearing Value,"
ASCE Proceedings, August 1959.

Hough, Basic Soils Engineering, 1967, Ronald Press, New York,

NY.

Zz
BASIC EQUATION: o =) (
[¢]

PARAMETERS:

COMMENTS :

c

1.

g, .t A0
v
) az log (—!%—-———

Vo

)

‘e L

bearing capacity index = lte,
Ce

= initial void ratio
= virgin compression index
= layer thickness

= initial effective overburden pressure at
mid-height of layer

= change in effective vertical stress at
layer mid-height

Method follows same approach as that for calculating
consolidation settlement of clays.. The soil is divided
into layers, and the change in effective vertical stress
at the mid-height of the layer as a result of the applied
loading is estimated using an elastic theory relationship
such as Fadum's chart.

Method applies only to normally consolidated sands,
An empirical chart relating SPT resistance corrected for
overburden (see below), to the bearing capacity index C

for various soil types is given by Hough (1959) (see
below),
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METHOD: Hough {continued)

1o - | I L 1 1
| .
N/N 1| 1
[ ]
B _
- .

o 'I' 1 1 1 L i

: 2000 4000 6000
P, (psf)

Corrected blow count (N') after Bazaraa (1967).
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METHOD : Hough (continued)

BEARING CAPACITY INDEX, &

L 1 1 1

0 20 40 60 80 100
STANDARD PENETRATION RESISTANCE, N
{(BLOWS/FOOT)

Bearing capacity index C vs. blow count N.
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METHOD: Menard

REFERENCES: Menard, L., “"Rules for the Calculation of Bearing Capacity and
Foundation Settlement based on Pressuremeter Tests," 1972 (as
reported in the Canadian Manual on Foundation Engineering,
1975).

BASIC EQUATION: p (ft.) = f Ynet
.
p

PARAMETERS: Qqpet net bearing pressure at footing level

E pressuremeter modulus within 2B below

P i footing bearing level
f = settlement coefficient in feet
COMMENTS : 1. Empirical method based on experience with pressuremeter

measurements in Europe.

2. See Menard (1972) for chart of settlement coefficient f
. versus soil type, footing width and footing shape.
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METHOD:

REFERENCES:

2P
BASIC EQUATION: o {inches) = CD (ﬁ‘) (57

Meyerhof

Meyerhof, George G., "Shallow Foundations," Proceedings Journal
of the Soil Mechanics and Foundations Division, ASCE, March
1965.

28 ¢
Br1)

PARAMETERS:

COMMENTS:

Cp = embedment correction factor = 1 - D
. [:]
D = depth of footing embedment in feet
B = footing width in feet
P = footing bearing pressure in tons per sq. ft.
N = SPT blow count
1. Method is empirical and is a modified version of the

Terzaghi and Peck approach. See comments for Terzaghi and
Peck method.

2. Meyerhof believes that presence of water table is

reflected in SPT blow count, so no water table correction
factor is necessary.

3. Because of the over-conservativism of predicted
settlements using the Terzaghi and Peck method, Meyerhof
reduced the predicted settlements by one-third to arrive
at the constant of 2 in his equation.

4, D'Appolonia, D'Appolonia and Brissette corrected N for the
change in overburden pressure caused by site grading
between the time of the soil boring and footing
construction and obtained good settlement predictions.

The Gibbs and Holtz relationships were used to correct the
blow counts.
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METHOD:

REFERENCES:

NAVFAC DM-7

"Soil Mechanics," Design Manual 7.1, Department of the Navy
U.S. Government Printing QOffice, Washington D.C., 1982.

BASIC EQUATION:

PARAMETERS:

COMMENTS :

p (ft.) = 4qB

2
Ky1(B+1)2

footing bearing pressure in tons per sq. ft.

footing width in feet

modulus of vertical subgrade reaction for
1 ft. square bearing plate at ground
surface,

Above equation is for footing width B less than or equal
to 20 ft. For B greater than or equal to 40 ft., divide
settlements obtained from above equation by two.
Interpolate settlement results for B between 20 and 40 ft.

Method applies to shallow footings where depth of
embedment is less than B.

If plate load test not performed, chart is provided in
DM7.1 (1982} to obtain K,; from relative density.
Relative density usually obtained from correlation with

SPT or CPT results,

Chart provides Kyj values for case of groundwater level
at least 1.5B below base of footing. If groundwater level
at base of footing, divide Ky; values from chart by two,
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METHOD: Oweis

REFERENCES: Oweis, Issa S,,."Equivalent Linear Model for Predicting
Sett]ements of Sand Bases," Journa] of Geotechnical D1v1s1on
ASCE, December 1979,

n
BASIC EQUATION: 5 = & E—E,s (Fj - Fi-1)
= 1

PARAMETERS: n number of layers of soil

q = net bearing pressure at footing level
B = footing width
E; = equivalent linear soil modulus for layer i
Fi_1 = settlement factor at top of layer i
F; = settlement factor at bottom of layer i
COMMENTS : 1. Basis of method is elastic theory, but non-linear soil

stress-strain behavior is accounted for by use of an
iterative procedure, The soil is divided into layers to a
depth of at least 2B below the footing. An initial soil
modulus is calculated for each layer based on SPT blow
count using correlations provided by Oweis (1979). The
modulus is then multiplied by a reduction factor based on
an initial estimate of vertical strain below the footing.
This reduced or equivalent linear soil modulus is used in
the elastic equation above to calculate settlements, A
step-by-step procedure including the charts and equations
Ee?uired, is given by Oweis (1979). Charts are provided
elow.

2, -Method has strong theoretical basis, but requires
significantly more time for the calculation than other
methods, especially for parametric studies.

3. No means of distihguishing between normally consolidated

and overconsolidated sands in the method is currently
available.
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METHOD:

Z/(B/2)

Oweis {continued)

T T
| &~
EDGE
p =0.33 B
T i, T
- CENTER 12
- u =0.33 ‘¢—
©
T3 .
N
4t -
5 1 1 1 1 L
o2 0.4 0.6 0.8
a
Ratio o = Aop/q beneath circular flexible foundation.

SETTLEMENT FACTOR F

0.2 0.4 [o X ] [oF -
1 1 T T
UNIFORM
CIRCULAR LOAD
(PERIMETER}
0.33
I CIRCULAR
RIGID PLATE
0.33
UNIFORM
CIACULAR LOAD
. (CENTER)
B
i——q—-ﬂ
= /
LAYER 1 2, 61=y, aB/E
LAYER 2 ' . Z|-| i= n
4 LAYER 1-1 “I| 2 b =2 &
‘ } {(i-172) - i
n LAYEH1-:-—¥-—————-
h, /2 Y= Fi-Fi

Settlement factors for layered elastic solid.
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METHOD: Oweis (continued)

b
glo

W] w
’II
..: R
wWolm
2|'e
<| =z
E <
% B ot AVERAGE FOR CASES
wl % INCGLUDING FINE
2| g AND MEDIUM SANDS
=18
a g AVERAGE FOR CASES
o| 6 INCLUDING GRAVELLY
| = SANDS, SANDY GRAVELS
e AND GRAVELS

2
33 |
- 30.0|

1000 100 10
A\, = (aB/h E oy ¥,) %

Secant modulus reduction versus strain parameter X;,

164




METHOD: Parry

REFERENCES: Parry, R.H.G., "A Direct Method of Estimating Settlements in
Sands from SPT Values," Proceedings, Symposium on Interaction
of Structure and Foundation, Midland Soil Mechanics and
Foundation Engineering Society, Birmingham, 1971,

200q8 C

BASIC EQUATION: o (wm) = 0

DCwCT

footing bearing pressure in MN/m2

PARAMETERS: q

B = footing width in meters

N = averaged SPT blow count (see Appendix A,
Parry (1971))

Cp = correction factor for excavation depth

(Only used if excavation is not backfilled)

D = 1.3 £0.75 + D/B)

Ckh = correction factor for water table influence
{only used if excavation not backfilled)

D,,

1+ D—+3-71—E, 0<Dw<D

Dw (2B + D - Dw)
Cy =1+ 2510 F0-75E] 0 < (Dy,-D) < 2B

Cw

Cy = correction factor for thickness of sand
layer (see figure 3, Parry (1971))
D = depth of footing embedment in meters
Dy = depth to water table in meters
COMMENTS: 1. For design, Parry recommends multiplying settlement from

above equation by factor of 1,5,

2. Equation is based on elastic theory. Plate load test
results used to backfigure the constant 200. Constants
Cy and Cp based on study of effective stresses below
-footing,

3. See Parry (1971) for chart for correction factor Cy and
for method of determining average SPT blow count.
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METHOD:

REFERENCES:

Peck and Bazaraa

Bazaraa, A.R.S., "Use of the Standard Penetration Test for
Estimating Settlements of Shallow Foundations on Sand," Ph.D.
thesis presented to University of I1linois, at Urbana, IL
(1967).

Peck, R.B. and Bazaraa, A.R.S5., Discussion of "Settlement of
Spread Footings on Sand" (by D'Appolonia, D'Appolonia and
Brissette), Journal of Soil Mechanics and Foundation Division,
ASCE, May 1969,

BASIC EQUATION: p (inches) = w D ( ) (~—I)

PARAMETERS:

COMMENTS:

Cy = water table correction factor = ¢,/3,

at depth of B/2 below footing bear1ng level
Cp = embedment correction factor = 1-0.4 (X )1/2
oy = total vertical pressure
gy = effective vertical pressure
D = depth of footing embedment in feet\
Y = unit weight of soil in pounds pef cubic ft.
p = footing bearing pressure in tons per

sq. ft. (TSF)
B = footing width in feet
Ng = SPT blow count corrected for overburden

pressure. See chart included in Hough
method description.

1. Method based on original Terzaghi and Peck empirical
equation, but constant reduced from 3 to 2, thus reducing
the predicted settlement by one-third. Also, SPT blow
count is corrected for overburden .pressure to obtain a
soil parameter (Ng) reflecting the relative density of
the soil.

2. Use of water table correction factor is controversial, but
Bazaraa and Peck recommend its use in their approach.

3. See comments for Terzaghi and Peck method.

171




METHOD:
REFERENCES:

Peck, Hanson and Thornburn

Peck, R.B., Hanson, W.E. and Thornburn, T.H., "Foundation
Engineering," John Wiley and Sons, Inc., New York, NY, 1973,

BASIC EQUATION:

PARAMETERS:

COMMENTS:

Qa

Ny

For p < 1 inch, gy = 0.11C,N;

allowable soil bearing pressure in
tons per sq. ft. (TSF)

average Standard Penetration Test blow
count corrected to 1 ton per sq. ft.
effective overburden pressure

N = 0.77 Tog {20/GyoIN, oyo < 0.25 TSF
Nl = 2.0N for EVO = 0 TSF
N;j = 0.4N for Gyg » 5 TSF

water table correction factor
Cw =0.5+0.5(D,/Ds *+ B)

effective overburden pressure in TSF
depth to water table

depth of footing embedment

footing width

Standard Penetration Test blow count

Method is empirical, based on observations of settlement
of actual footings.

Above equation only valid when bearing capacity of soil is
adequate, usually when footing width greater than 3 to 4

1 value used in equation should be average Nj between
depths of 0 to B below footing bearing level.

To obtain settlement at bearing pressure q other than
Qa. settlement is often calculated as q/qz, although
this approach is not discussed by Peck et al. (1973).
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METHOD: Schmertmann

REFERENCES: Schmertmann, J.H., (May 1970), "Static Cone to Compute Static
Settlement Over Sand," Journal of Soil Mechanics and Foundation
Division, ASCE, Vol. 96 (SM3), pp. 1011-1041.

Schmertmann, J.H., (July 1978), "Guidelines for Cone
Penetration Test, Performance and Design," Federal Highway
Administration, Report FHWA-TS-78-209, Washington, D.C., (July
1978).

Schmertmann, J.H., Hartman, J.P., Brown, P.B., (Aug., 1978),

"Improved Strain Influence Factor Diagrams," Journal
Geotechnical Engineering, ASCE, Vol. 104 {GT8), pp. 1131-1135.

. _ N 2%z
BASIC EQUATION: p = C1C2 AP 2; -

PARAMETERS: B footing width

I, = strain influence factor

s, = thickness of layer of constant Eg

AP = net bearing pressure = P-P,

E¢ = soil modulus

P = footing bearing pressure

Po = initial effective overburden pressure
at footing bearing level-

Ci = embedment correction = 1-0.5 (P,/aP),
C1 > 0.5

Cp = creep correction factor = 1+0.2 log (10t)

t = time in years after load applied to footing

COMMENTS: 1. Strain influence factors and relationships between E¢
and cone penetration resistance are given in Schmertmann
1970 and presented below.

2. Method based on observation of distribution of vertical
strain vs. depth in model and finite element method
studies. The method is empirical, but has a theoretical
basis.
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METHOD:

Schmertmann {(continued)

If only Standard Penetration Test results are available,
these' must be converted to cone penetration resistance by
empirical relationships {see below). The unknown
reliability of such conversions results in additional
uncertainty in settlement predictions.

The method is applicable only to normally consolidated
sands.

The creep correction is sometimes regarded as being too
conservative and is ignored,

Harr (1966) has proposed alternative strain influence
factors based on his probabilistic soil theory. His
strain influence factors are strongly dependent on the
coefficient of at-rest lateral earth pressure (K,) for
the sand,

Relationship between equivalent Young's Modulus {Es) and static Dutch cone
bearing capacity (qc) (kg/cm?). Schmertmann 1970.

For footing length to width ration (L/B): 1 Es

2.5qc

10 Es 3.5qC

1< %-< 10 interpolate between
2.5q¢ and 3.5q¢

qc/N Ratio: Schmertmann 1970.

Soil Type /N

Silts, sandy silts, slightly 2.0
cohesive silt-sand mixtures

Clean, fine to medium sands and 3.5
slightly silty sands

Coarse sands and sands with 5
little gravel

Sandy gravels and gravel 6
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METHOD: Schmertmann (continued)
Q.- BARS; N, BLOWS / FOOT (1 BAR=-100kPa)

SANDY
CLAYEY SILTS SILT
CLAY & SILTY CLAY & SILT SILTY SAND SAND

10
8l
Z
o &
124
]
]
o
z—
0 | |
0.001 0.01 0.1 .0

MEAN GRAIN SIZE, D, mm

q./N Ratio: Robertson a Campanella 1983.
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METHOD: Schultz and Sherif

REFERENCES: Schultz, E. and Sherif, G., "Prediction of Settlements from
Evaluated Settlement Observations for Sand," Proceedings, 8th
International Conference on Soil Mechanics and Foundation
Engineering, Moscow, 1873.

BASIC EQUATION:

PARAMETERS: P

COMMENTS : 1.

p fB
1.71 NO-B7 A/[B7/B]) (1 + 0.4 t/B)

p (cm) =

= footing bearing pressure in kg/cm2

= correction factor for footing shape and
thickness of sand stratum

= footing width in cm
=1cm
= SPT blow count

= depth of footing embedment in cm

Started with elastic theory equation then performed
statistical study of 48 measurements of footing and plate
settlement to obtain the soil modulus as a function of N.

Influence factor f depends on the ratio of thickness of
compressible layer to foundation width (ds/B). It can be
found in tables for elastic isotropic half-space.
(Steinbrenner 1934, Kany 1959, etc.) (see Schultz and
Sherif (1973)).
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METHOD: Terzaghi and Peck

REFERENCES: Terzaghi, Karl and Peck, R.B., "Soil Mechanics in
Engineering Practice," John Wiley and Sons, Inc., New York, NY,
1948,

BASIC EQUATION: (inches) = C. C (E) (ZB )2
- P = “w’D ‘N B+l

PARAMETERS: Cy water table correction factor

Cy = 1.0 if water table at
depth greater than 2B
below footing

Cy = 2.0 if water table at

ground surface

Cp = embedment correction factor = 1 - D
B = footing width in feet ’
D = depth of footing embedment in feet
P = footing bearing pressure in tons
per sq. ft.
N = SPT blow count
COMMENTS : 1. Empirical method based on observed settlement of footings

on sand. Method was intended to provide an upper bound,

- or highest value of settlement to be expected. Predicted
settlements using this method are, therefore, 1ikely to be
very conservative compared to typical measured settlements.

2. MWater table correction is controversial, often considered
too conservative.

3. The relationship between settlement and footing width is
highly variable and is dependent on soil type and relative
density. The (2B/B+1)2 factor in the above equation has
been shown to be unconservative under some soil conditions
for large values of B, and should be used with caution,
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Project /&2(/ FMJ'Y/’ :7(' [/ (D::le edbs / 6b__
mput — 4&__—., —
Banch  Aue ﬂ:‘uL— 'ﬁmwdencc RX Che,:(ed Dyy

@nﬁd tion Factors

i) shape (15(')
| 2
£ - [_zs_e_f- A } @)
/g + 025
L= length (m)
B= widh (m‘)
2) Sand /4)'” thickness (f; )
= K
gl ®

or dravé & (M
% = depth L8 i flibmee g”)

3 Eme (£)
(% fg’=[/+@+ 7 log {/3] ()
t2 Byrs.
for static leads Ry=o0z
F=03
for f/uc{ua#mj loads Ry= 07
R=a08
FPROCE DURE

L) Determine +the depth of mfluernce below +the base of +he
'/’m'l’t'ﬂj. ‘ :
c/c/o'//v of imtluence (Er) =f/sP7')
MOTE © a) when V- vaties morease or are consfant with dq:-//v
2r /s 31‘1/@/74_’5}/ the Full lfire ra Fi‘jufe 3 BL///Q/?(/(I/

b) where N-vales Show a consistent decrease with
depth Zp /s taken as 28 or #he boflom of #he
sotf /ajvef whichever s the lesser.
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Client FH Wfq Sheet .de o
(774

Project _‘éfgfeﬂf/ 50‘{1”/4

__ Branch Avenui - Prldeize , £ 7 crodesty
Gnsider Boring B/ (May 1980)
The N-values have been plotted fo a
corresponding o 28 below *he
se of the' foot ng.

The trend 1n the blow Gounds s
relatrvely Consichbeny or tcressing

—of oL
ot Date /8 June (786
- /7 . Computed by ___‘Zfé_ —

'.-i-‘f‘v‘h d’e’ip-p‘fr
v 2, obtaned Fom »'—}_'? 3
Burtand (1)
B= 104 {:i’,#/m/} (:___- B — =
Z=27m (9#) S T
\
/lé ve Wr#hﬁ c'/ep'/"? o/ mrf‘/m’rt’ﬁ 2y . ;ojsrrfue 1o
T N = N _L Baemiie (81)
= Nagve = /8 &BL———-Q\
N
L
W
Q
2.) Determine com reﬁ:‘b;/f - »
#etor (Ze) ’ 7 . 28 | >
From LBuriand (1)
L = /'7/ [ ] [ G ¥ L 1 1 | I |
ﬁ e o 10 w P 4 %

Za = L7/ =!.301/0'£I
. (/8) 4 ' Ej ure 3
: ‘ . 0 Horizontal Y

O Verhecal l0FE
3) Defermae shape correction factor (4 )

From statistical ana _':V:tls the author Concludés
Hiat +there 15 @ Signitcant coprelaton  between
sewlement and UE  (leagth b widh b )

z 22.7m 2
,g.’ 125 Y8 | 2| (25) 24m =[ 145
LYg+ozs F4 -7: + 0.25
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Client FJH U/A' I e — .. Bheet _.

Prmect__élﬂﬂd_wﬁ{y,‘- Date . J&Jﬂj}é/?ﬂé
___Beanch Mvenue = Bandence BRI,  aumn

Checkedby — — — .

J—) Zetermine sand /ay/er thickness corréction —actor ()[’)

the author recommends az Corrzstion when He ((the

Hucknes of sand orgrave! laper berneath +he 7%07&,

/s fess than - (depth of m//amce) ’,’7)
- @ Br nch Avenve b »> 2
7{ s z

5) Determme time factor (£)

baaa' on /2/540;’ 5&&0’,35 the audthor aS‘/s a. time
factor (4 %r foana'a 1505 Sub) ect A /uc/aaf{/n‘q foads
lie. bridpes, £ {ime gréa #mr #an 3 years

> @ Braneh Averve  elapsid 4ime 4= 2.5qrs.

i

&) Cilewlate settlement - normally consolidated sard
wuse E’fua_"‘mﬂ( z)

5"//04(34/) P=£',-{-[3x5”xrcj
F /70&7{(55.“%2/ F= (/.45)( /.0) ( /.0) [6850&%}’): (Gt m )'74’ @oxw? )J

B= 8.7 mni
lp = Ot%lﬂﬁﬂ

For +he west a.buz‘/lnegﬁ the average total measured
settoment 1s  |0.42 ekl Fo Adte.
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Clem . FHWA ___ Sheet_.__.. L8

~of
Project FQD " H# o C/_’K_, Cate /B June G/ 78&

— 7T Computedby ...

Branch Avenye FProvidence R.I

Checked by

7. DAPRoLLN A _METHOL

Da /:ao/om'ais Cet a/.) apprmch & eS{{tna‘fmj settlement
of tecting on sand 6L/a,olp£wfy SHT data 15 based on fthe
-/heof)( ofyéfcl&/:'cr'fy ‘

Goverr s g egn.

S= /64_2__/5 )

S= Faoting setlement (#¢) -
9= avergt applied bearing pressure  (Esf )
E-= éa/m Wicth (/t"‘) N '
M = MoFelus of ¢om ffssfbl‘/:"/y ({sf)

My = embedment m//f(mc@. Fartor

M, = Compressible strata mﬁue’ﬂce factor

PrROCE DURE

1) Determine embedment nfluence factor QJ,)
A = f ( depth of enteclment with respect to

origral ground Suprace =),

%, T‘iﬂj’ wiclth (5))

Compute 2% and obtain u, Ffrom Faure &
of /DC’hrL‘s-/mn € Carvizy (3)// 7

@ West Abvdment - Fll cordidion D=2
< Lrom Fo. & with D=0, ‘/‘6 =, ?7‘
2) Determine compressible strata mfluence Faator (u,)
M= 70 (dep{h +o MC'om/D/e.ssiéfé layer below

base of r@ofohj (H), $ oot \
wic/th (B), {éca,nj leng #H (L))
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Client _E:‘/WA Sheet ca

af S
! - J v <« Date ZE J”ﬂg /955__

. Proi rZar -, [} —
Project S 17 -~ / - Computed by JF& '

gmﬂé Az’dﬂf " /%V!d 'ﬂ £ . AF;In Checked by

compute 8 and B and obtam M, Ko F:j-(! of
Chrishar ¥ Carcier(3)

@ West Aburtment - H= 1554, refer 149 bn'nj /7 H-24

B= /lHofS

L= P4L5
L, e w8 . K, 182 _ Ko ; |M='25
8~ o - Ry —_—

3) Determme Modulus of &:mp/eﬁsr'ér'/:jy (¢st)

The authors state that Compwessibilidy ard S67 are
related becase both variablles are afsociated o the
same variables., 5‘/02‘:4'/}';4// ’ 7"/7!/ are related to relatise
dersity , effective ‘overburdi stress, and sard grain
size ‘shape | and rstribubon .

Jo corvelate compress/bilit
and SPT use e as/!/7€. sPr
m the gone of mtludnae

(fakenq as o 8 ) below +he —
base of the Z:Z"ﬂj) ' f—8—-
@ West Abibrneal Mye=20 Npe = 20
Hom Fy. 44 - Didppolonia (2) | - BoST

for nermally loaded Sand Boring (81)

M= 270 ¢sf|

.'B - —— -

: \//\

z8

L

L||1|L|J|||N
o b w 2 40 5D

F:jufc 4

o Har.'!ﬁﬁ 'y

O VYertical o’
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Ciens ___FH WA Sheet Clo_ o .. .
Date /8 June (936

Project n
Computed by

Brapch Avenve - Poudence  R.T Creador

4) Caleulate Sewlement.
S = /Ja /] _?._5
# M

S+ (0.?7 )(1.25)(085 ¢sF) (/ﬂb;@ )
2701¢sF

S = 0,042 £+

Is: (oY 12] :'nc}y,l

For +he west abutment , +he average todal measwred
u#&mem‘ /8 |O»42 ek o date .

187



Client Fﬂ“/A _ Sheet __.C_/l_._ of ..

Date — /B Jurre /984 7-
Project S.ngg_cj Mﬂq Sﬁ-‘dq Computed by ——-\ﬂ__- -

&Mvenue - F?’aw(/(ﬂc'ﬁ_,? I Checked by

T, _Hed&H METHLD

The author stales that se#lement of spread A
o qranular so:/ls ls usvally elastie and dan:o/ 2. tion
oacurs l?nme(/:‘af¢/ o 147¢ alpf:/fca.‘l‘von ﬂf#’f /Gﬂd‘-

6’0 Verm'nj 57,7.

/D-r P
oH= oo 9 “

<

aHz= sellernent (£)
H = Hﬂfc/tnes.s te soil laysr considered ()
g = exstin Yective over burden presswe

& cen a/ the considered /fay /e/( k')
(A Bfarmj C’a/aaaf/ Indey

AP = Dstributed fotin g pressure @ certer
of Cons.dered [a yer (ksf )
Distributed loads :

4P=P,- uare toehng (Za
Frtp e iy

aP = PQ?EM vectangular footing (2b.)
Iy ¢ tangu g

hz mud-depth of the layer considerec! (#)

De‘pﬁy :e/s amibreant stress is ¢he a.’gp//t above

where
2P L (3)
g 7w
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Ciient FHWA : Sheet ___ (1?2 of

Project &,2 1 :Z E‘Dflﬂ .S,lur{‘ gale iﬁa_-lgr_’@_ _m L
omputed by _‘_tﬂﬁ,,_. e
Branch /dumue - :g'a vdtrrce KL Checked by
2} 743

1) he author suggests construgting table &
# organize Bfculs hons for SeHlment .

The ntormatan listed below ol ad
in +he development of 7able 2.

la) Plot MN-values us. Hr below
the base of the fo 9

Assume = &, = O./20 ket (::—-B
= ./ -
Greusy = O 118Ket pesr
Boems (BI)
'\. PRE
PUC TN
AW Bash ) (74.08)( 1okt) B / %igﬁéc

/?ﬁp/.m‘ * 400 Kps

»

le) Use Faue 12 - Houah (12)
) . ey the et NN ®

ld) Use Fiure & at the right

R
[ J
- -2, 424
o > _ -A- 3By-1
@
\\&_4
7

N
}
LIMIT oF EXCAVATION
\~7>-«

16) Boptied = (g°2(L)(8)
( ]

# agoroximate N Rr Ha depth
i oTE . the (it - / .‘\,
of excavaton and s effec 38 h
orr Fha agocoxima hem o//cve-mm‘.
ban'r{j.s. ‘
| S S TN SN TN NN NN Y N NN NN PN AR SR |
le) lse Fraure B - A’aaﬁh(’zj o 1o wm o 4 S w 1
% obfain e’ :
“ well gradecd hne b coarse N
sand ? i3 %2 il matera!
F:jure, 5

agum o oo bu sond .
for the al swtiash materia O Wecizendol (o
d/#du h 1"7"5 C'/m-’CMAM s ﬂo'[ 5
SFar#aa/ér- /o/ot‘ﬂ'd 1 /{j«f’c 13 - assume y
- betiyaen  olehrr wrrtorm med. Sand

)
0 Verbical 10
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crent _ FH WA _sheat G173 o

Project 5}area:f Foorira Study : ga‘e—mff*‘&%ffﬁ
' - ampuw PR nf _—— -
Boneh Auerve = 2o w'f??ﬂde ~Z .

Checked by _

TABLE 4

() (2) (3) @) (5) @ ) @) @) Qo D

s | B | op | AR L (R VA N | N e | | e
: (3

45 | 12 | 114 | 1oz 0.30 123 | /8 22 | 85| 9 | o0

i35 | Loz | 0.64 | 0.40 0.15 0.9 27' z9 | 108 9 "o-/‘s

2z | z3 | oM | a7 o.o7 087 | 28| 24 | e8 8 0.08 B0k
2 l38c| 03] 008 0.03 ol 3| 24 1 o8 | 8 | 003 (cez
* Naturn! material considered preloaded | 2= O6lich

by the old abutmerd and £ill.

2) Calealate Se Hlement

Column 11 in Table 2 above & e compytation
of selement basecl an equaton | For Hyis metrod

IAH = OQI lhdb'

For %Menf Me avera 9 +total! settfemerrt

1s |0.42 inghl 4o Hate .

NoTE ¢

7he daf)#’ of.s_r'jnf""c.mf SHESS extendes %fouj/t N7

matecial and patuval outwash sands . The Aatural

ouhdash sand has been preloaded and +he HEA
Pmcea’u«, /s P reduce +he setement preclictions
in Hese o/l in half as shoum 11 rows 3 and 4
of column N above .
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oA e
Project SDfeAd Féz:#:/)q \yudy : ‘ _Dale_/a_nluﬁ_é_ﬁEQ.

Computed by I

E’MCA AV&ﬂUer Ep\p’l dgrice RI Cheched by

I Peck £ _BAZARAA METHOD

Mod:fc:aﬁan of the orginal Tegeagh' § Reck (1549)
é’f&u’ & Aoltz /pmcec/ufgs for predichng e selenrent
70/% f'oa#njs &1 sandAd.

é’ovemmj %ﬂ.
S - chwz_(&,) (1)

= /e neh
; .:;’9;/ /emeﬂwfcnj’?rcssux (&£)

8= évfmj width #)
/\é s c’arfgm‘ea’ N- va/uc
3roun water Corvection factor

embedment dorrection factor

Correation Factors
a) 5fatl¥/Mﬂ'{l-f
R @ depth 0.58 below the foting assuming no water

K= R @dof% as58 Leiow {mﬁﬂj& !Xdzlfy water feve !l (
R over burden /arzssure,
b) embedment

&= io- 0.4(3:2) 2 @

&+ assumed unt weight of soil above
the g (Ko

D= depth of embedment (¥4
wi'th res to +he onﬁna./
‘9raun :ur»éf—c.
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Clent Fy M Sheet c/5 of ?

Date -
Prajed_w Mﬂq SM‘{ Ca:npuled by Jpﬁ

&aﬂdeMﬁu@ %Vft/!ﬂc’e IP Z Checked by

c) N-valve -
Mo = _4N R ﬂ’s 15 kst (4a.)
/1‘2ﬁ’
Mo = 4N A g2 15 ksF (4e.)
Jz5ra5ﬂ

wh N= aver: mea:am:/ N-value
i ) Z h B balow +e base o;£a‘mj

z e%ei‘u/& over burdern pressuce af md-clepth

‘= (500 ps¥ corve ds 7 the pressure
A & McFm/m/m for moast {/ﬂa flaw :Co#mj:.

FROCEDURE

Rafer to  Fraure 4 i +his /urz/auf for applicable
b/adaom:u below the base of the K :::'T

1) Guleulate the jramdtda{cr correction factor (F agplieable y

& West Abvtnmt - measwred qrounduater fuble at aﬂafammfel’]
El 225 = » otherwords, .3/“,1’;‘ belws +the base’ of

footing .
S M= lo

2) Calealate 4‘46 embecment correction factor (F applicable )

@ West Abm‘mlnf Al conclihon such that the Finish groce,
oxrrmz‘ 12 £¢ abaove -Mt. ,wewaus ex/sting qrade

Sm #fu. embedAent corvection fa s really a renfuc#m

15 - i s nat aﬁa/fcabk e 14// .Sr:fuaﬁws Similar fo éhe

condstions at #vs abutment,

R =10
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C e

Client __FHWA ) Shee;la_JLL_ 6
Date /19
Sytﬂdﬁnq ‘S‘Mq Computed by ﬁ_\l&_ —

Project

e  Bovidénee BT Chemkeaty

3) Caleulate +he Corrected N-valuc .

@ West Abutment - ﬂ// Ma-l’\’»’/aa/ Aowr 4o a cﬂf/ﬂ"(‘
' B below +he base of He ﬁa-lyuj

—

N= 20

the exist.n 7 eﬂfe(#ve avz/bur:{m pressure af m,d,c(alg#,
058 belbow base of al-mg

A= (E5#)(o120kef) = 006 kst € 15 Kt

) /;am (&)
N =
[+ 2(0.66 kst)

4) Caleulate setlemmit using egn (-

Se kG glze

s = (to)(10) 2 (085 ist) [_Z (//.oQ_T
E?:

1.0 +1

' = 0. /7 inch l

For +h _abutmerrd | the averajo fotal .s-gﬁ‘lgmen‘
s 042 IhC}V 1‘29 da&v
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Chent FHWA : i i _. . . Shest c/7 ot
18 June 186

~ » Date ... .
W " computedny L FGF

ave - ﬁ’aV:deﬂcé ~ L Checkedby — . . . ____ _.

L. SCHMERTMANN METHCY

Setlenent = f (static come bearm Capac/ty ¢
frorm Lutch Skahe 2794¢F veld /garasuremm#

&wemmj Ean hon
Zq
s= (¢ sp z Z;.: 4z (/)

where ?
= se #/emmﬂ (cm )

§P= una’ /3 :ésure ICrease (/9 S
FS

= Strain m luende factor
& = Ec,u:\/a/en* }éunj.% Modly lus (% fem*)
chaﬂjc i depth )

Ag =

C,) = /inear Cor/gC'rL:on &c/z:r
b conform to arehing - compression
relief concept

¢« /o5 L @
G = creep corvection factor
G = /r02 ly(z5) (3)
s eja,:.sed hme (pr)
Proce DURE
/) Construet strain mtlvence dia gran

Kefer 4o Sehmertmann et al (4)
F wre & for recommendied et fred values

Yrain Tntluvesse Fac{or Uiaj/am a
'7 1/7 50/1('/ Mo:/af

?eim'fc,nwn/_s a) straim i luence factor
&) peak k influence fackr and c‘ar/e.s,oonc//flj c‘/e/o//z

o) relahve dapth
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cient __ FHWA Sheet __. /B
broect__Spread  Footing. S/uc‘r;,/ Date w-[&—-/“”%é- (786

[4 4 - Computed by Y/
Branch Avepue * Bovidemce £ Checkedby — . _______

For a square, axp3)/m”re1‘rlé /’oa{:'n; ('L/B = I.O)
the authors récommends +he 4o Iawitng

- strain influence tactor Z3p, = O/
- relabve r/e/)#‘fv below ftochne = 2/3
- eiu/w'/m{ Vouryfs Mo:/c//js : 2,57‘_
For a rectan “/"; /o/am: Stra -/'athj (‘4’9 2 /a)
+he auMorJ;;L’ommenc/.s the $/cuwnb

- Shan inbluence factor, Taeo = 0.2
- relafive de,oﬁ‘v below Foobag = #8
- eiw'Va/eﬂ{ Yongs Moclulus = 359,

Ia.) Straim :k:f/ueﬁeg fagtor - west zbu#mm#, Branch Avenuce
L 744l . 8

8 /1.04¢

Zoterpolate between Ip 20/ (“@:=10)
and Iz = 02 (%B=/0.0)
VERTICAL STRAIN INFLUIENCE FACTHR

Consider fu'n{. A o A o1 04 o.Tr, : o,]g
 igal
A= o/* 3
‘ AX/‘ mmei‘h'm/
/0 é’ B J}j"'law-a > L2 pent
Azl + oeg-l )
2Ll 3
10 g |
3 2B o Tterorediatle
A= O/+ 0. 06 N Case
3
\Qu P’aﬂt Sh'ain
" “azwn
:E, e
N
48
Fjurb (A
(Schematic )

Schmerémann (18)
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Cient _ FHWA Sheet __ _C /9 o

St - . Date {2 156
Project S_P/Zczd Footling Study Computedty S P&

Braneh Avem_/dj— P,@V',/ng& RX Checked by

16) Rale intluence factor and cgr/s/oon:dnj é/ef//, - Branch Avewe

keler 1o Sehmerimann ef al. (4)
e authors .sujje.s/ Hhe /o//owmj

aP \ % 4
I‘P= O.5+O.l(_";; ()
aP- PP where p= ap Jred pressure
: effechive Stress at
depth of footia
% - eicc#ve: wrticdl pressure
at depth H ];‘-’P

Depth o I*Pi interpolade betuween 8/2 and B.

L -
Deoth = (o,5+_-f§-L B

Depth = <o.5 + ﬁg:_/')B
2

De,o#r = 0828
Depth = 0.2 (11.0F+)
Dgéfj/lz/ s 902% &bu/ bq_fe o/‘,{éo,‘py -

At the toe of +he abutment ... 394 of A/ /o/ac’er{ above the
base of #he fooking. Theretore, 12,94 of #Y above copth of Iy,

V%’F = (2.9#)r (/20 kaf)

.Wg' 2 /55 paf (0.98 %4 fom?)

Magritude of Tu . = jaTksf
J i ,’3,, O - 4ill condvhom

v ap = Lot kisE (0994 fem®)

F

4
- z\2
Iq = 0.540/(0-54_%) z

o8 .(_’j-/m,
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|

Chent FHWA . I Eﬁee! L 020 _of
Project Slyed (/ FO@ #Iﬂ 2 :J-#Ui/ ate _—I&Jgdjﬁ(?w
T 7 A Computedby < ,,Cl, [
Eranchr Avenye - Foyderce I Gheckea by

le) Kelehve a’e,olh below base of -r‘;o#z'ﬂj (Rount ¢ -\ Fgure ¢ )

Tnterpolate between 23 @xi'slymm‘e#n&a/ )
amd 48 (lee JJt‘m'ﬂ)

d= 2B+ 2[_?%;’.}5

C= 28+ 2(0ud)B
¢ = 3288

¢= 3z8(1lH)

2) Defermine £7u:‘va/e'm‘ yauﬂ?fs Medulus <£s)
The authiors 5({2765# :

é:_’-— 25 ” or :'/3= Y]
Es = 35q, for Bz 100

Taderpolate ‘

g = 2-52': + 60.694') Ze

| IE_-,- = 3"4Z=|

3) Caleulate the Correchon tactors (), G

2
g, = lO- 0-5’(4/0)
A= o A conclhon

G- loroz /07/(5%)
© start OF construchon November, /983

elapsed Fme g Ma/ ) 1986 897 days (Z,S)/rs.)

0 L0402 /ay(g"_,'; =

. ‘Z
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4)

*

Chent ff#u/'d

. Project Slbfeac/ FCD#//J‘? qu/y

Sheet

. czl 5
Date . /8 June/?ﬁl

Branch AVC/‘?U!—J’ /?’owé’t’nlc‘ s

Checked by

Divide the ?‘, P '
ayers, caeh with constant
/Z interval O o point ¢

rumber of

over Hhe dep

- Keder +o cone fest Op-1
/‘41)/, 1986 for actual test

réadin 9-S.

- Constant g, va fve below
28 leve/ has 'been

smated
Per 2.

/Or’ax'
Fom cone fests run

at cor/zS/z:ﬂcﬁh 15 cz’e/o#z.s at

g Mdfﬁléd ‘ Approxomabd *
T 4 A
al U‘fﬁ/ em?) | (kg /1:.“ D)
o-5 28 7 35
5-10 &l 35
jo-19 90 35/ 40
19- 26 125 te/1ze
xated 4, vahees wore
db’ﬁ;ohd from %\59 - QPRI corre lations
diseussed 1 Fobertson et al.
(ri83) sty Ly, Pom +he
or fthe

gran St 2e Curve

outwash saA Samples +esHA

.b)/ HEA

% . 4

based on L grain size

198

3B

Plot mea_jured static conce resstonce
Plot stram influenage +ri'2 nj/c'.

% (%5/cm?)

roakile mto a converient

Z' ?

Computed by .

IPG

C

48

I S S S

L i A 1 i F L1

—

Q

®

40

e,

o

w20
qo ICIENS )

F_:gura 7
" T Hor2antal

Vertical

106

/0’

lo’
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Clent P WA Sheel —— _C 22 ol _._

Project ;‘T,Q[ (£23% Emfmg Sty Cate __ /786
Beanchr Adowenyd - Rovidence £I oy -
2) lonstruct dable 3 for seHlement Calulalion.
TABLE 2 N
@ (2 @) @ & e O
- @ ® © L
o 16 ES Eg (E_; )AE
[ 53 | w2 28 88 2.7 0.27 0.59
2a. 37 | m3 Gl 192 7.2 0.52 0zl
2b 1.& 49 Lt 192 3.8 0.58 o5
3 81 | 5 | 9o 283 15,0 0.47 0.44
4 168 | 52 125 393 17 /7 0.22
Tota.l .2
a. -c | See Fiure 7
b & = 3.4 i
c. T see i"a';gfc. 7

&) Caleylate seftlernent usmg ejua.—»‘rbn (1)
s= (ro)(rzs)(o a4 {;/ém') (/.éz . Kg/cm‘)

S= 17 em

(5= 27 ghes|
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Client F#WA o ___.__ Sheet___ €28 of

Project m/—m—é{zﬂ/u Date_ /8 June (926
o P Computed by S
Brarich Aenue "~ Frosivenct P I Chacked by A

777! Qu-//?ar’ .sujqe:*’.s r%:n" T%G— :ﬂﬁ'd’n—f ?ﬂ{ aa /;u/a -*"'bn
ﬁf€V/bwsfy Ae5cribea’ Should be u,sa:f cnly with _
£rest - /aaz/m'j Cases with adesua’e beating C‘A,,oa:‘//.
TFe avthor Stales Palt F e somd Has Boes pret
Stamecl Previous foohngs or other loacds .. +hem
réal setfements will //'A’z// be .s:jmﬂ'can#// less s
predicted method .

The author .:A«jje.sf”s tat settleront /oft’n’/i:'/for?;s e
recluced b/ one -half to accourt for P/e/aa://nj.

West Abutment

Se#lement precictons af the west abutmont are relabue

® a depth .3258/3@.//’#/ below the bast of Fhe

fgu“'f% Ths i weltl bl /ﬁt e " emban kot P/aao(

Ffor Construcbon of the new " abubront. Th ot words

approximately Malt of #he relatie da,oﬂr 's ads up of
celoaded /Zziu/a/ outwash sands. 'Therefore, we will
(educe the predicted sehlement method by 25% 4
Cofnofi wille +he discussion. abeve and He “amoun¥ of

prtloaded soil considbred

s= (0. 75)(.70.inch)

(S« 0.52 och ]
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Client FHWA Sheet ___ CZ# of .

Project Vprea.a’ @#lﬂ%cﬂ@ Date_uzl....__!fgé
Computed by

__JAa
Bfaﬂc‘/l 'dlleﬂud - /%wr/fﬂc‘e £ Z. Checkedby——

Per £ Caleulat~os

Duz o +he presence of #u, 48 inch diame by Sewer runnng adjacent
b e bnfc a/jnmeﬂi per Founda bons /'m/ole nted
a daub[z arvangement (north and south) + support
+he foads of AZ. indesier Spans. (.S'ee fjufc, a8 bg/aw)

The load c/rS:‘ﬂét/t‘&‘/ b @ach footin g of Rer / from
+a Jf: pers Frueture 15 ?u&/ duit to e locaten
bridge Center /s

\s:w.se LINE

N ¢

— _.__.._...__.._-._J_re.

I SouThH

l NokTH [

O

8" sewer

(CRoss - s€eTIoN )

ju/e, 8
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chem £ HWA ___ shest_ £ 25

Project___sSoread fo @‘mL M Date ,‘&Jaggp_/ESc

Computed by

Branch Menue - Povidence BRI Crecked by

Caleulated Appled leads - Per !

Nssume

a;mﬂ = /50/x/

Sbuckbiil = /20,:¢f, Soorvasw = HBPcvf
Corcrete : Stem Wall - 176 &Y

Deck - 231.CY.  (Spand + Span2 )

Stee! Spar 4 58.4 TBus
Spdrt 2 S8 Tons

it W, (PEck LoAD)
= (23 ey) (27 )(/50 ket) }
+ (474 587) ( ’krrg)

W, = (168 Kps
W, :O
= (1mey)( 2 cr)( 150 ke k) f E

We= T3 kps

FiNiSH GeabE @
W = /1880 K5 SAME ELEVATION 45
EXi1STING &eaDt

/850&’4 S Y - 7 7
South Fohng L5 - o ks y.g_” /:I
North fém‘mj i /BBOkps _ 940kips - 210" —
2
Fj ure 7
Footing _Dimensens Sealz : 17= I

South (L) = 3034
:5;7# (B) = 2/0F¢t

Morth @ Length (¢) = 210 £
width (B) = 2i0
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Client FHWA Sheet 4'72(’_____ ot ... .
e ; | Bobne Studs, Date — {8 Jurnd [93é

J I Camputed by ._~./{&\,, e
__Branch Averve - RBoydence £T. Checkedby

Sewth r‘&n‘mj : 940 Kips . 15 st
(Fo34) (2 0f)

A/O/'#’? Fdovl‘l?lj : 740 Lips = 2l A/S‘[’
(zt.0R ) (Z/04)

NMoTE  The weﬁh# of +he q%m‘fnj has been neglected in order 4o copnpare
/ofea':‘c#ed seftloments “with measured” stem wall sefflements

STPESS TNTERACTION

The etfects of stress rater-
action on settlement calculatbons
wi/ bt addressed 4 Housh
and  Sehmortmann

Alasume stress ave//a/o begins
ar the c'omc,'eﬂ':j wi
+he af e invel? a'f,
the 4, " Sewe,

SoyTH I

J

Fgufb /o
odDED O i
- SMI‘ ,H e ml
The natural ovtwash Sands at
H1is logahon have bteq e loaded
by +he previous bridse " as wwlf

25" R of materiad” +hat was
cut b form e ra:lroad ydr(/ years

%‘0.
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FHWA

Client

_ .. Sneetl_.__C27

o

Project

Stud.

Brangls Avemlg - Prowc/é'nce £Z'

pae /8. JU”B/?gé

" Computedby _ »Jla

= BYFLAND METHOD

Keter #o sheet C4 of the wesi abutme-t ga leu Jations
v the diseussion of Burlands Zgua Aow7

Foce Aure.

Checked by ..

1) Detern e the d’o,;o{/; ot influence below the base of +he fa.,lmj

- Plot N-values vs. clepth
fa a (ﬁ;m‘/l of 48 low
a;c +he 7601‘/05

- Con.:‘;lﬂ(en bo.f;
BH-2 + enecal read
s decreasonj Wi dtf'ﬂi.

& The zone of tluerice

2, = 2B
2 = G2 /¢
From O-B). A_Z= /9
B'ZBJ N = 20
use N= 17

2)

Determune compeessibilrt
hactor (o) €7
L= 17
Wik
L= 17
(’qjl

H-3 and

—

3B

_._ Bomgja

(Moerr Foor)

BoeinGg
Bi4-2

(sour.u FooT)

Brn fine sand
Some Silt
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Chent _ _“ 7 ;# M/ﬂ Sheet -

o /986
rons _Spreacl Foatag Study i radune 198
Boanch Avenye - Povidence BT i =

3) Determine Shape Corcection factor (1@)

. 2z
125 “B
}; = “g + 025

Nogrd FeoTING . SoUTH FROTING 2
210’ s 303’ )
/S =| 125 ’E//o') @ 125\ "3 210!
ZVZJ' + 0.2 /éf +0.25

4)  Determine Sarnd layer Hickness correction Factor (4 )
He > 27 |, as was +he case @ the Wesé Abubnont

o /F’:/‘O

5) Determine +me factor (-/; )
e/a,aszc{ +ime E = 25 yr < 3-0}/

N E£=r0l

&) Caleulate Settloment - aVZ/C’aﬂSo/fdm‘ec{ safm/
7 <

pehhhlgx67x %]

NORTH FapTialg

P o)(re)(19) [(/os i ) (6.5 ) 7 9.2% ué;sj
p= 3omm ; | p= 0/ mch ’

Sau7H FooTiNg

- () (1)) (75 Ko Y(65m)7" 42510 ]
pP* Zamm [p o, H.nch\
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otent . FHWH. . — - Sheet . C8Y o
Project md /50fm} Stu c//l/ gale ,rf;/(_iﬂéfqg
Bfaﬂc‘/l".ﬂwﬂge - %V{d&'f@e RI Che;(ed Dyv o .

I - DAPPoLtuNiA METHLD

ler o sheet B of West Abwbrunt caleulaton for

detaled discussion of D;’/P,aa/aﬂlb. eiua#oﬂ.

Reder +o sSheot ¢27 -/’rjum /] e Subsurtace wrtormation

and data.

FProcedure
O Deternniae @«nbz:/m#ﬂzl :}?)[I/U(ﬂfd ﬁ’za‘or w,)

Compute 5 and obtain My Foom Ffjw’e & of
Christian & Carrier (3)

D= 504 Dg= 024 5 [pp= 095
&= 2/‘01'{ —_—

2) Dztesmine compressible stata ifluence factor w,)

Com/cwlf- #/B aod “B and abtan M, Frows Eju@ 5 of
Christon & Carrier (3)

NoeTH SouTH
H= 150 Hia= 7| He = 71
B= 20+ L/ig= 40 Ha . |4

L= Z290WN) { A :_o,asl LM = OZ_|

L= 30,4 ;*(6')

3) Defermine Modutus of C'Om/oresst!::'/:‘@ (#s¥)

@ Perl/, N= 18 + a de Corres pording 10 :
below e hase afa#re ;Qa-ﬂmj pord’y

froo f,j 44 - D%P/au/omz‘z. (ZJ for pre/aatﬁd sand
[M= 25 ¢sf| (/250 ksf)

4) Calpulete Setlement
NoeTh : ) (©.95)0043) (7.1 Kst ) (21.0Ft)

3 1250 I} ; S= 0024
s = 0.2 iach|

206




Client F}J Wﬂ-

Sheet £ 30 of

, : Dalewt .
Project gpfead FDO":ﬂg Sfifé/ Computedby /P
Branch Avenve = Ppyidénce RL Checked by -

SOUTH =

s=(095)(0.7) (1.5 KsF) (210 4¢)

/250 KsF

g= N oITH
= M, rach

TL  _Fecw & _BAazaeAA

Feber fo sheet Cll of e West Rbutment calculation or
actaled discussion o4 2ok § Gagaraa. %m%bq

Reter 40 sheet czf f:‘jura / Pr subsurface intormation
and data .

Fogeddure
1) Calealate the j/ourrﬂ, watcr corvechon factor Qf affﬁ&a.‘[e J

Measured j/aam/tm{er = £/ 1702
a5 (B) - & %5

S Exds rourdwater &5 below depth = 058
.'.nj Grourdwa ouw dept

2)  Caleulate the embed ment correetion factor (/;‘q aﬁo/:éya.éé J

@ Fer |, base of e toohing is %ﬂfuzkﬂafe/j
50 # ‘below the previous exlls'/mj Grade.

D= 5.0+ ; ovtwash sard &= ./y3 kef

Gy = /.0—0.4[_%&]%

A/oe'fﬂ FooTING | 7 = 2,/ ;&/’

SouTH PorinG 75 15 kst
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Chentfﬂ%, N .. Sheet _ _£3/' of
Project __ s Fontic \S-T(Uﬂ{’/ | Date -8 JL:?FQQ /qaé
-~ . cmputedby _ __ 3
Br‘anc’/ﬁ /4V€ﬂ4/€ - /D/O‘fldeﬂfe ’?Z ghecied byy___‘__,,.,_.,,
y
4
Noerd ¢ & s 1o - O0.F [_é//&t’cf)/ﬂd/fl}
24 ks
G =079
Sourn ¢ Lo 04 L(.//szcﬂ(soff) ]
1.5 ksf
| G = 075|

3) AN-vale Correcton. -  daphh of influenge = B
h=8 = (/84) (- 18ket) - (8 )( 18 ret - cv2ief )
€ a8 g7 (gl frett)- (25

/D(,a/,s/(.sfj N = 18 + depth =8

N o= 4N 749,
225 + 05y 325 + 0.5 (1.7KH)

(A = /8]

4) Cateulate Se#lement

2
s= KO 2 28 )
“ B‘c ( 8+1
NoeTH FooTiné

(7-: 105 1st') s= (to)(077) 2 (1-054s¥ ( 2(21") ‘
' B 2141

s= 0.33 inch
Frleaded Sand Condition - divide seWbment /:vedt‘c#»‘o,g v Falf

(5= 0.1 meh. ]

SQUTH FooTing s= (10)(0.75) 2 (075 #sF ) ( z_(21') )Z
8

(9= 07 t¢) 21"+

S= O.ZS t'/‘ldh
Peoaded Sard Condition :

[5': 0./2 Iﬁgh)
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h4
@ 130”

Client _EM_, _ - .

Project

e

T _Hovar Mezron

Sheet __
Date __ _

y, 77 Computedby . P8
Braneht Avemié - Bondensc R’I _ Checkedby .

32z af

18 June /736

Refer fo sheet 2 of +he wist Abubment c’a/Cu/a1’19ns

Ror a detaled dfscu.s.sran o
Fefer +o Jheel c'z7

/%ujh ei watser,

ard date. .

Frocedure .
Caleulate +te A//_omfy parameters. for 4he
table below:

a) Foslicd NowTH : B = 940 Kps
) Lo SoutH ¢ 1 = F4O Lps
&) use Fgue 12 (Hough) ~ rakes NN
)usc Fijure 13 < qujbj e’

assume 3 “olearn unitorm Fine sand © kv

NORTH FooTiNG

fjure 1 o sué:u/rﬁcc Atorma Asﬂ

the Qﬂms/r

matenal - aﬁamxfmaie &’ bolweer 'slson
urrform medium sand ' and clean well graded

fne to coarse sand ”

TARLE 3

* MJ undauhcd Numbers *ike shess ferachon

209

) @) @)* @ (8) ey - Q) ®. ) (o) ()
| B | op | 2 oy () | WA | N | ) e | aN
(f) | () | (Eef) R (<9 (1n)
65 | o8 | 124 | 158 0.4 | 155 | 20 | =1 e 13| oss
Bo | 5| o1z o4 0.6 oa| 11 | 7 | . 4 0.2
- 220 200 093 | oAb 0.1l oﬁd 24 22 ‘ 54 [o} 0z
| zoo | 05| 025 0.09 oM | M| 2 | # 10 .12
320 | 240 0.6l _o:iﬁ | o.09 088 | 23 | 2o 8 1o 0.4
©.33 -0 12 é.c;s 048 B ) 2w 78 1o 0.07
4 306 | _0.441 04 0.0l 0,83 0 17 o4 1z 0.3



Client E/-JV‘M _ Sheet.__CI8 o
proect__sSpread _Foeting S*udu e 18 Jure 190
Computed by i__‘JP_ﬁ_

P/owdencc kL

Brm Averue *-

Checked by

NokTH FooTimia (C'OM‘:" /NU&D)

Copsidering shess interachon behoan +he fuwo foohass
the calZulated setloment s 1197, ¢ Rer/, he
Subsuritace outiash dﬂpa_sf ts have bem f?/e /oadéd

i ol = @s)Iz0mch) *

Ne j/ec#v Stress (ntevachon e @a /Cul'ala( setoment
] ’;0 fansf:érmj Pre-/aad/'nj Conddy brons !

ad = 08(09.xch) =| 045 reh]

SoUTH FooTiNa

. TABLE 4
O @) @) @ ®) ©) ) ® @ (o Gy
M0 ‘ _A.-E NI ] '
veem| B aP 2P loa(a ) /N N N c 2] Iy
) | (sf) | (usf) 1A . ) Lin)
es | o78| 0.93| 119 o.34 155 | 20 3t " 3 0.48
150 | 165) 058 | 035 0.13 Q39| 17 /7 &% 4 | c.ro
2o | 200 ) 09| o046 0./ | 094 | 24 | 22 | 84 i 0.22
200 | 092| o2 0.08 094 | A 2z | 84 | w0 | o
320 | 200| o8 | 0.23 0.09 | o088 23 | 20 | 78 | o 0./3
028 | O/l 004 | o8| 23 | 20 | B | to | oo ‘
420 | 34 | 044 ) o 0.06 | 083 2o | 17| o4 | 12 0.2
| 2 075" ten
@ Fer/!, sub _5¢//14¢C auf‘ua.s/v as%.: have _beert prefoadad
05)( 0,53/)%[ (considering preload)

ak - (05) (075" ) = [0.38.meh)| (nc_g/ecw‘:'nj prc/oad)
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—
Chent -”#WA I I e e Shest .

Pm|ect“§;p(e.z_iv@_fg’7 45_4&!4”( . Dae. 18 Jul’j}ggﬁé

Computedby ____. .

Branch Ave - Fooyidence Pr Checkedby . __

V  Soumemmmens  METHOD

Refer #o sheet r] of +he West Abutment calculabons for a
detailed discussion of  Zhmmertmanng ejum"m

f‘?ei[‘f o Shee’flc wure /3 for C'Pr.su.égsuffacc, inderma b on
The bsure 1//«5#@'; bot the measured CPT apns Fhe
aporex imated CPT data +or +ha prer

Froced ure
1) Consdruct +he stram influence %r:anj/c

a.) Consicter Hhe spacing betwenr the +wo fco—»‘mj.s amrl
+he. resulhag stress intecac hon ard eiuwa/en*

chimensions”’

The au/hor Suag estS H"a»‘ a f;/e:/ loaAs Kot adyacant
/?4' s act i1 tna@ﬂ"‘ of eac/: cther i e indersechon
4'; hnes m j #ito each abu/mm{ occurs

below +he dopth Cjua <mmallest /MAM width

However ¥ stess ml&racﬁem /s evident, Corisider increasin
e rmm/num wdth 'B" +H account for Hhe added

Stresses.
The ncreass s dimensior . kS as 7("//9“"5 d

4y U< Ly s sellerment caleulabon by footrs B
? ctoar ,space behueen Hu an_’,acm# éujmj;

Stress uvtzslaP @ o j
depth =

4 Ellﬁ‘—“‘ =
L‘jmvf’ As /s \\l . // \\

case 1) amO

Lqmv—- LS t Lﬂ




Clent FA/WA I Sheet _ < 35 a1

s _Jpceac_Fackng Shudy e M8 dung (706
Jm;mgu_&mc,e rr Siecied‘;:i,,, N

or :hk/med.'a/c cases use the cturt below:

g

L1
\(33
¥ ol
g} " TNTERPRE TATION
E-'\E CHART
38
o
\J bl
$8
¥ \ ‘
N \ , .
- - 1 1 1 x
)] L Ile 3Ls

Clear Space Between Eoij.s

" where ;

Ls = dmens:on of the smallest of tuwo or more
af’wj.s wihpse <tresses Mittreet (gssume
45° haes Hom Cdjes ofa.éu#menf") above
a (/2/)#1 of By, " & £ measured as +he
dimer sion of +he .srrm/!e.sz‘ -rﬁo-#mg aémj a fie
betweenr +the +wo frnj.r

Ly = dimension of +he Potin acljacent fo the
&1‘«79 under which scttlerment (5 to be
Caleidlated 1n the direchon of a line befween
the +we :‘Ebﬁnjs

Lz7ur'v = Ly + y

o - the widh of the footng uncler considevat
o S i oo
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Clent ,,___:5?’_‘.’.‘1‘/_4v,4__._.___,_.__ i e Sheet ._._ 2 38 5
pae . L8 June

+24 Hir, T Computedby . /Pl

f

/98¢

Project Mﬁ@% !
Branch Avevue - Fuvidence RZ__ _ Checkedby

@ Per £, calculate +he sebélomert
of the raribr ,éo-/mj

ls = 21.0 f#
g © 303 ¥y
X = 26.0 ¢

Frorn Iﬁ-/gf/a/ew%#lon Churt

X = 269 |,
200
x= l24 L,
& )/= Odiﬂ o
Leguy = 1.;4— 0,444
L;fui,v = ZIioH+ o4 (30.3:@)
Lq;av . 33/l _
oL 3314 b
B 2.0t

b) Far pt. A of the strain intlunce triongle

A = O.I+i-5q;’

]

Pear influmee facter arnd cwfespondmj a@/n‘h
AP .‘/2
1;P = a5+ o.l(?,;)

6)

4P< p-p
a4 P o wed - @5H)( 1B Ret)

AP< L UsF (08 5/em?)
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Sheet -

Clent . EHWN _______ e e~
o Sptad Focking Study oA ;{f&e_{‘f“

5 aack yenus /'fow (/fﬂCC L£r Checkedby
Dopth 40 T, ; intcpolete behoean % and B
D,.,M = (05 » —B—J— ) B

Depth = (0.9 + Q.-g_.;‘) B

[}Pﬂr 0548
sz+h= 0.54 (21.04+)

_L_}%Ji{i bebw the base of +he éalmj
At +he he of the footing 454 o £/1 placed
Therefve, 5.8 4 of awhiash sand above Hhe depth
of Lo, . Groundwaler leve! @ cportimately £l /7.0%
(e 34t "below base a/'éo-/-mj)

‘s (1584L) (.18 ket)

W;f' = 19 ksf
16 ksf
I;P = 0.5 +a/(/9/¢sf
| Z;, = 059

/C) Pejdfl'l'VL ﬂf'l'h be/aw -bds‘ Of D%Jdlﬂj (POI”{ C)

5 ]
C= 28 + 2|73 B
C< 2133

(= 44.87¢+)

2) Determine E1U|'Va/en¥ Yourg 5 Madu lus &)

‘ L
& 2% - [—’%ij .
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Chent _ ;EHWA

_ Shesl .. . C38_ of

. ste__ L8 June 1986
Project oot 4 _0 1m . JPa
Ennch Avenie - Ropdsnce £T oty
3) Caleulate +he Correcton fackrs C G
¢ = ro-o5 (4
= lo- 05 [ o5kt
L& ks
| C = 0.84]
_ﬁ ;
Coe 1O +02 /o_g(o,//
| €= 897 days (25 yrs)
25
Cy: 1O ro.2 /a7 (%'j
(C - 725 ]
f t— B
4) Pot measured arndfor apprex. .
) Gron e
Plot shain mbiluence ‘/rnbnjlc. ’_(>'75P
' B = ted
Use mated G, walues _approxima
amum % 'u From .S"Tdn*zc
O’ZOH 7, = Yo lem? and DSc gran
20ft- 344 ¢ * 10/ ¥ femt Slee
41t - 44 ¢ 7‘, c 52 Yg/em®
28, Ga . 45
g Measured Aﬁxoxirmh. ¢ A
¢ [4
A (kj Lemt) U‘}‘}M‘Z )
o-12 %0 84 3Bl
12- 18 85 84
18-2 107’ 84 /ol L T
21-25 78 o\ ot 0.4 oo '
25-3H - ol
34-44 - sz o
t 1 i ¢ I J . A
2o 4 % Uﬁ/fml) 1o 140
Fiqure /13 ,
Scale 1= 400

215-



Clent ___ F‘/'/L_Uf(l - eeeee— . ._. Sheet .._. ,,cn?? of

o Spesad_foatog Shdy ______ Be 8, 756
7;_&&ﬂc2!_ 4VC”LL'L - 90\/1({?/7!6 PI Checked by

Z) Conshuct +able 5 for sellement caloulabion

NOBTH
FooTiNG
TABLE 5
o) (2) (3) @) G . @ )
- ) tb) ©
Az Ye Es | 2¢ . (_-1:2.) o2
Layer /e | K5/ 2 2 &
® | e em glem i (be) em/ Ka/bmt
la. 13| 344 84 210 56 0.34 0.5
b, 87| 265 84 210 5.7 b.sz.._ . bbb
2 14.6 | 427 ol 263 27.0 0.3] 0.50
2 0.0 | 305 52 135 39.0° 007 | oz
Total | . | 192

a 71 5 e ’p_"j“’fv 3, aﬁoram'maktf valusg

b E= 203,
c. Ty ; see bgue 13

6) Caleulate Se#lormunt .
s= (0.84) (128) (0.8 ky/en?) (192 "/ k3 pn? )
S= L83 em
S= 0.40 inth
Peloaded Condifien's

|52 0.30mch |
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— .. Sheel C4p of

Client ;HWA ————— - -
Project SD(e?d Footing Sv"ua’u ' gz:pulei?-f_ﬂ pr /786

7 .
Bfanch AVfﬂul' /‘Dfovm{ﬂﬂce .4 _ Checkedby . __ . _

SouTY EonTindG
'rﬂom krlprgla-ﬁon Chart

x= 124 Ls

y= o4 Ls

J= o4(2z10#)

V-84 #
[_‘7“_,", = L‘,H')/

Laguv = 30.3/¢ + 8 4
Leguiv = 38.7 /2

28744 18

L . -
B ~ 2rLofH ~

) Determae the ard selpbve limids a/
514’&//) m[ ena, 'aj/ﬂrﬂ.

/a) o r /Df A of the stramn intliece #:anjk-
“G-i
q
f{o]
A= G o+ _/_5?_"_

o

A= ot +

[4= oun |
/6) Feak ol luence Factor and carfes/:undah] depth

Ty = 05 + a;( )
aP= p f
4Pz 15Kk - (45:4‘)(//&/4:0
APz 097 K5t (0.48 ksicni®)
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Chent FHWA — - Sheet .. __. (4

Project é:p I’lﬂf/ ;Ela"{'ﬁq S'*Udt/ Date _ /1

/8 Jurx 1986

7 , computedty P4
Branch Avenve = 22 v:a/emze £T csecield byi_______ o

Depth 4 .2';19 ; terpolate betwee: 8% and B
g1
Pepth = (0.5 . = ) A

-

Z
Depth= (os+ 2% ) 8
Depth = 0548

Depth = O0.54 (21.0#¢)
Depth= 113 £t below +he base of +he foat‘:.'v

t At the doe of the footing ... 45 H of Al placed.
As was the case with +he “north fooé/nj -
G = LAKE
(22 2
IZ‘P = 0-5 1"0,/ W;
0.974s | %2
L,= os5+0/ \TTwF
| IZP = O-Sﬂ

le.) Relative depth below base of -é:ofmf (Pa,‘nf C’)

“a-!
C= 28 +2[ 9 JB

’ /
C= 458 4

2) Determine Equivalent Young s Modulus (&)

& = Z"’J’;c + ["?,"] 9e
E.S b 257", + 0.0??‘.

2 2.6 |
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3) Calcutate +he Corvechon rFactors C

Cuent _-E#_M/A_ e e
Project ‘Spaid.__[mﬁ_b_ﬁ_.iﬁii}‘[_ e

 Branch Avenue - Povidince RT

e Checkedby .. .. . . .

g
¢

G

4

i
ro-c5 (3h)

/0 -05 (

e o.73|

G = 107 a2 /aj(?%)

t=25 yrs

a8/t |
Xz

C,= losr02 /aﬂ('g‘.?)
[C= 128 ]

‘9 Plott measwure! cone dati
and approXima fed Cone oa fo.

aﬁo@x.'ma fe 9o va lees based

on mepnt Grain Sie€ L and
ST date”
%_= 45
lé’ Measured Appmx
E | L
_ (kg/em?) | (s Zem?)
0-%° | (4 "o
5-10° 135 o4
10-17 89 o4 /4
17-2( 19 n4
Zod] — 69

Plot stram influnce annj/c.

Sheel 2 .
Date .28 Jure /986
JFa

Computed by

a, X'+ /7Y {:
pprot e

Ga .

K]
I L i L [ L —
0.2 od ob 1
43&-
o 20 4 60 8o Wwo 12 Mo
Ge (/e )
F;ju/c. 14 )
Seale 1= 200
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Chent ;Huuéq o - .. Shes 643_, of
Project F Q:_J'.l 177 S‘}‘Uﬂfh‘ R _ gz:oglieq ':ig ‘/“yjjp ; 98:'
Ef@”‘h Avenye *° p’?"/mf"’"-‘fe £I Checkedby — ... .
5) Construct Hable G +or setomert Calewlatbion
SouTH
FooTiMG
TABLE 6
(1) @ (3) (4) ) @) @)
[ - @ &) «}
LAYER . , 55 /
) | m) | (L/om?) (&5 /en) (ft) tm /Uy fem?
la h3 | 344 4 /olr A 5.32 0 6b
b 37 | 13 o4 Yot /3.1 0.64 037
2 2.5 | 281 135 35! 202 0.42 0. 46
3 18.3 | 558 &9 179 375 o.i4 0.43
Total /.92
¢ 4 s« figure 4 aparoximated uthus
) % ?d
¢ IS See /-’.zua 4 —_—

6) Caloulate Settlement :

5= O73)(128) (0.5 G/em?) (152 "/ ks fimt)

s= 0.90 cm
Sz 0 35 19

Re Md Concitibrs
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Ciient FHWA . sneet_ _Cée3a
Project __Spread Foa-AnL Sqfudq - oa:e_L\[u%ljgé

Computedby _ _

3f4ﬂ(/1 /ﬂ'mue Pom/ gce  RT Checked by

WEST ABUTMENT
(Pre.cln'c{ vs. Measurect Se:H'lemeﬂ't)

MEASURED SETTLEMENT ,

(INCHES)
] a L
-3~ BURLAND
-s- D' APPOLONIA
-~ HOUGH 0 w3
-»- PECK & PREDICTED SETTLEMENT
BAZARAA | (INCHES)
-6~ SCHMERTMANN
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Clhent _ FHMA B kil i _i. Sheer .‘,044 af
Project ._.$2_f£.é£/..-.., Fm‘z'f‘;_ J’A.‘# e Date ‘8 "hjpz 1786

Computed by

- ,,,ErﬂﬂC& Ak’fﬂ{lﬂ-,, ,,,,,EQ,Y!yiﬂ:g,, K-,I__‘_ Checked by i,,”',,, L

DIER 1
(Predfc}ec{ vs Measured SeHbamenf)

1
MEASURED
SETTLEMENT | pouauano s supioce
(INCHES) RPN
APPOLONIA
0D
0 PECK & BAZARAA HOWaH
0 1 o 2|
PREDICTED SETTLEMENT [(INCHES)
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