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ABSTRACT 

During the period 1966-1970 the Massachusetts Bay Trans
portation Authority constructed a 11 cut and cover" section of subway 
from Haymarket Square to Charlestown which required a deep 
braced excavation. Prompted by the many uncertainties associated 
with engineering a braced excavation the META and the MIT Depart
ment of Civil Engineering initiated a research project prior to 
construction. The general research objective has been to develop 
means to reduce the costs and risks and improve engineering design 
and control of underground construction. The heart of this research 
effort has been two thoroughly instrumented portions of the subway 
extension. 

This final project report has the following objectives: 

1. Describe the field instrumentation scheme 

2. Describe the data management system 

3. Report the measured performance of the two 
instrumented sections of the braced excavation 

4. Compare measured performance with perfor
mance predicted by several analytical methods. 
In particular, analytical results obtained from 
a finite element program developed during the 
research effort are described. 
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GENERAL PROJECT SUMMARY 

Introduction 

Excavations in soil are commonplace. Road construction, foun

dations for buildings, canals, tunnels, etc. all involve soil excavations. 

We can classify excavations into three types: 1) unretained (unsupported) 

earth slopes, 2) braced (supported) excavations, and 3) tunnels. Fig. 1 

gives simple examples· of the three types of excavations. An unretained 

earth slope is the most common excavation method and is used exten

sively in highway construction. Open pit mining is an example of a 

very deep excavation employing unretained earth slopes. Often times, 

especially in urban areas, the sides of an excavation cannot be sloped 

because of adjacent property lines or adjacent structures. In this case, 

a vertical cut is made and bracing is used, if necessary, to hold the 

excavation open. Tunneling in soil is done either by hand or with a 

tunneling machine and usually requires a permanent liner for support. 

During the period 1966-1970 the Massachusetts Bay Transportation 

Authority (MBT A) constructed a section of subway from Haymarket 

Square to Charlestown. The construction scheme was to excavate a 

deep trench in the ground using a braced excavation, construct the 

subway structure at the bottom of the excavated trench, and then cover 

the structure. This construction method is generally ref erred to as 

"cut and cover. 11 

The soil engineer had to answer the following questions when 

designing this braced excavation: 

1. What are the loads applied to the steel sheeting by the 

soil and water retained by the sheeting? 
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2. How are these loads transferred to the bracing system, 

i.e., what are the strut loads? 

3. How much will the sides of the excavation and the adja

cent ground move? 

4. What will be the changes in ground water hydrology due 

to construction? 

5. Will the ground movements due to the excavation cause 

damage to adjacent structures? 

6. Is underpinning of adjacent structures required? 

7. What field measurements need to be made to control 

construction? 

Insight into the answers to these questions can be found by studying the 

measured performance of past braced excavations. Unfortunately, the 

number of braced excavations where performance has been measured 

is very small due to the large costs of obtaining such data. Therefore, 

these questions could not be answered with any certainty prior to 

construction. In order to provide answers to these questions during 

construction, so that the original design could be altered as necessary, 

field measurements of the performance of the braced excavations were 

e sse ntial. Moreover, the need for an additional documented case study 

of the performance of a braced excavation was clear. 

A research group headed by Professor T. William Lambe in the 

Soil Mechanics Division of the Department of Civil Engineering at 

Massachusetts Institute of Technology was already actively engaged in 

a program of field research to document the performance of buildings 

on the M. I. T. campus. This group was ideally suited to carry out the 

installation of field measuring devices, collect data, and analyze the 

results of the measured performance of the MBTA braced excavation. 
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Therefore, prior to the start of construction the MBTA and M. I. T. 

initiated a research project which was aided by federal funds. 

Research Objectives and Tasks 

The general research objective has been to develop means to 

reduce the costs and risks and improve engineering design and control 

for underground construction. The heart of this research effort has 

been two thoroughly instrumented portions of the subway extension 

along Accolon Way near Haymarket Square. 

Four major steps were followed to achieve the research objective: 

1. Carefully and thoroughly measure and document the per

formance of the META braced excavation. 

2. Compare the measured field performance to predicted 

performance. Evaluate prediction methods based on 

this comparison. 

3. Develop improved analytical methods if necessary. 

4. Report research findings to the engineering profession. 

In addition, many particular activities have combined to produce the 

results of the research: 

Instrumentation design and installation 

Soil sampling 

Soil testing 

Instrument readings and portrayal 

Development of data acquisition and management systems 

Construction activity observations 

Analysis of field data 

Computer programming 

Analysis of bracing systems 
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Development of construction control procedures 

Coordination and transmittal of results to constructors. 

A bar chart showing the schedule of research activities is shown 

in Fig. 2. The original planning was established in 1966 based on the 

Contractor's CPM schedule. Major modifications were made to the 

research schedule in February 1969 to adjust to delays and other sched

uling changes by the Contractor. 

Fig. 3 is a plan view of the subway extension. Two thoroughly 

instrumented portions of the subway, called Test Sections A and B, 

are the heart of the research effort. Figs. 4 and 5 show the soil pro

files at Test Sections A and B. Test Section B was instrumented and 

constructed prior to Test Section A. The instrumentation was designed 

to give the following information: 

1. Horizontal Movements. The engineer is interested in 

the horizontal movement of the walls of the braced 

excavation as well as the movement of adjacent ground 

toward the excavation. These measurements can be 

related to damage of adjacent structures and also give 

warning before collapse of the braced excavation. An 

inclinometer (slope indicator) is used to obtain these 

data. 

2. Vertical Movements. The vertical movement of the 

ground near the excavation and the vertical movement 

of adjacent structures is measured to monitor the 

effects of making the excavation. These data allow 

the engineer to evaluate his design during construction 

and redesign if it appears adjacent structures are 

likely to be damaged. 
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3. Strut Loads. By measuring the loads in the struts which 

hold the excavation open the engineer can compare mea

sured and predicted strut loads and evaluate his design 

methods. Geonor vibrating wire strain gauges were used 

to measure the strain in the strut. The stress and load 

are then deduced from the measured load. 

4. Pressure on Sheeting. Design methods make assump

tions about the soil and water pressure on the sheeting. 

Total stress cells were installed to measure the pressure 

from the soil and water on the sheeting. 

5. Water Pressure in the Ground. A knowledge of pressure 

in the water that fills the voids of a soil is extremely 

important in understanding how soil behaves. Piezo

meters are used to measure pore water pressure. 

The progress of construction, notes on the construction procedure, 

description of soil as excavated, and numerous other observations 

complement the five particular aspects of performance that were mea

sured. Figs. 6 and 7 are plan views of Test Sections A and B showing 

the layout of field instrumentation. 

Results of the Research Project 

A giant step forward has been made toward achieving the general 

research objective of developing means to reduce the costs and risks 

and improve engineering design and control for underground construc

tion. In particular, this research effort has resulted in: 1) a thorough 

evaluation of the state-of-art for predicting behavior of braced exca

vations; 2) an approach to engineering a large and important excavation; 

3) an important addition to the meager list of braced excavations where 

field behavior has been measured; and 4) development of analytical 
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tools. The following paragraphs give a summary of the four major 

results. 

State-of-Art of Braced Excavations. In general, the state-of

art for predicting the behavior of braced excavations is far from good. 

The engineer cannot at the present time predict with confidence the 

strut loads and movement of soil outside an open excavation. This 

unfortunate fact is caused by the difficulty in selecting the proper soil 

parameters and field boundary conditions and in predicting the details 

of construction. This finding seriously limits the designer and speci

fication writer who attempt to specify the details of braced, under

ground construction before construction starts without providing for 

a sensitive control system and decision-making apparatus concurrent 

with construction to make needed changes. 

The engineer can expect improvements for both design and con

struction control as intensive research in underground construction 

continues. The most fruitful line of study will be a two-pronged attack 

consisting of: 

1. Parametric studies based on finite element methods 

employing soil parameters obtained by stress path 

tests and field tests. 

2. The evaluation of the actual performance of thoroughly 

instrumented field cases. The complexities of braced 

excavations require many field instrumented cases. 

Engineering an Excavation. Engineering an excavation is fraught 

with unknowns and uncertainties and thus is an ideal candidate for the 

Observational Method (Peck, 1969) and for the ICEP Approach 

(Lambe, 1970) . Full engineering, ranging from planning and investigation 

through design and construction supervision, is justified on a large and 
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important excavation. The logical steps in the engineering of an exca

vation are: 

1. Explore and test subsoil 

2. Select dimensions of excavation 

3. Survey adjacent structures and utilities 

4. Establish permissible movements 

5. Select bracing (if needed) and construction scheme 

6. Predict movements caused by excavation and dewatering 

7. Compare predicted with permissible movements 

8. Alter bracing and construction scheme (if needed) 

9. Instrument and monitor construction and alter bracing 
and construction as needed. 

MBTA Case History. The case history reported herein thoroughly 

documents the measured and predicted performance of two different 

sections of subway construction. It is the example of necessary research 

that permits the engineering approach outlined above. Many procedures, 

techniques, and hardware needed to accomplish the nine engineering 

engineering tasks outlined have been developed and improved on this 

project. A few examples are: 

1. BRACE computer program for predicting movements. 

2. Automated inclinometer system to rapidly measure field 

movements. 

3. Data handling computer programs to quickly compute, 

plot and record measured data for use by decision makers. 

4. Methods to modify bracing and excavation procedures 

based on field measured performance to limit move

ments and damage to adjacent structures. 
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Analytical Tools. The major analytical innovation of the research 

was the development of the BRACE computer program. Making use of 

the finite element method, BRACE has the capability of predicting move

ments, stresses and strut loads in a rational manner taking into account 

bending stiffness of the retaining wall and the nonlinear aspects of soil 

behavior. In addition, the user can simulate the sequence of excavation 

and strut installation employed in the field. Comparisons of measured 

and predicted performance at the two instrumented sections showed good 

agreement. However, the limitations of BRACE must be clearly under

stood. 

One obvious criteria for acceptance of any computer program is 

that it can analyze correctly the wide range of problems it was designed 

to analyze. The effort necessary to check that the program is working 

properly increases rapidly with the complexity of the program. We are 

continually evaluating our programs at M. I. T. Our most recent evalu

ation of the uses and limitations of the BRACE program as well as an 

updated listing of BRACE is enclosed as an addehdu-m to this project 

report. 

The next criteria for the acceptance of BRACE as an engineering 

tool is that it must be able to predict the measured performance of 

actual braced excavations. Even though the prediction by BRACE 

agrees well with the measured performance of the two MBT A subway 

sections, it is not possible to evaluate the usefulness of BRACE until 

more field cases have been analyzed. 

Benefits of this Research Project 

Benefits to MBTA. The field data obtained provided major 

assistance in construction control of the Accolon Way portion of the 

subway. For example, the research data have given: 
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1. The actual locations of the sheet piles as driven near 

Section B, showing the amount of encroachment on the 

subway walls; 

2. The ground movements caused by the excavation and 

construction operations; 

3. The variation of ground water pressure with tides and 

construction operations; 

4. The movements of buildings near the construction; 

5. Data necessary for the design and evaluation of the 

ground water recharge system; 

6. Data for the determination of movement (if any) of 

the central artery footings; 

7. Needed modifications for construction procedures 

at Test Section A to minimize damage to the adjacent 

tall buildings. 

In addition, the data obtained had a constructive influence on other sub

way projects, notably the MBTA South Cove Project in Boston and the 

Washington, D. c. system. 

National Benefits. Published papers and conferences of the 

American Society of Civil Engineers are major benefits of the research 

on a national level since they reach the design engineers responsible 

for designing braced excavations. The main publications that have 

presented results to the profession are: 

1. "Measured Performance of a Braced Excavation," by 
Lambe, Wolf skill and Wong, published in the ASCE 
Proceedings in 1970 and giving the evaluated data on 
one section of the Ac colon Way Subway. 
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2. "Predicted Performance of Braced Excavatio~ 11 by 
Golder, Gould, Lambe, Tschebotarioff and Wilson, 
published in the ASCE Proceedings in 1970 and giving 
the predictions by four of the Profession's experts 
on braced cuts for the Accolon Way Subway perfor
mance. 

3. "Braced Excavations," by Lambe, published and pre
sented at the ASCE 1970 Specialty Conference: Lateral 
Stresses in the Ground and Design of Earth Retaining 
Structures. This paper summarizes the state-of-art 
on engineering for ·braced excavations and is primarily 
based on the MB TA-MIT engineering and research on 
subway excavations. 

4. "The Integrated Civil Engineering Project," by Lambe 
the 1970 Terzaghi Lecture to the ASCE National 
Meeting in New York City, presenting the engineering 
approach to complex construction projects like subways. 

5. "Effects of Foundation Construction on Nearby Structures," 
by D' Appolonia (MIT), the state-of-art paper presented 
to the 1971 Panamerican Conference on Soil Mechanics 
and Foundation Engineering held in San Juan, Puerto 
Rico. A major portion of the paper deals with effects 
of subway construction on nearby structures and is 
based in part on the MBTA-MIT experiences. 

The interpreted data and analysis of the MBTA subway sections 

presented in these papers are all presented in this comprehensive 

technical project report. In addition, the project report contains much 

additional important interpreted data and analytical results that could 

not be included in the profession papers due to space limitations. 

Financial Summary of the Research Project 

Fig. 8 summarizes the cost of the research project and gives a 

breakdown of cost for the major activities. 

Proposed Further Research 

The fallowing areas of continued research are recommended as 

the most effective method of further advancing our understanding of 
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the performance of braced excavations: 

1. Perform additional parametric studies using the finite 

element program BRACE. This is an effective and 

relatively inexpensive method of gaining insight into 

the behavior of braced excavations. These studies 

would have the additional benefit of further developing 

the BRACE program. 

2. Document the measured performance of more braced 

excavations with the perspective and objectives of 

relating the results of the case study to the advance

ment of design and construction practice. 

3. Improve instrumentation to increase performance and 

cut costs. In particular, the development of new and 

improved field methods of measuring in situ stresses 

and soil deformability and strength is needed. 

4. Improve data handling systems. One important im -

provement would be having the resident engineer get 

the field data directly rather than first going to the 

research group and then the engineering group. 
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DESCRIPTION OF PROJECT REPORT 

The project report is presented in two parts. Part I, Analysis, 

has three objectives: 

1. To develop a method for analyzing braced excavations 

based on the principles of soil mechanics and on the 

finite element technique; 

2. To provide insight into the undrained behavior of a 

braced excavation in clay; 

3. To predict the performance of two instrumented sec

tions of a braced excavation and compare the measured 

performance with the predicted performance. 

The major innovation of the analytical studies was the development of 

a finite element program, BRACE, which provides a rational means 

of predicting the performance of braced excavations. This analytical 

tool has the capability for predicting: 1) movements of the soil mass 

adjacent to an excavation; 2) movements of the retaining wall; 3) 

stresses on the retaining wall; and 4) loads in the struts. 

The measured performances of the sections of braced excava

tion instrumented during the research project were compared with the 

performances predicted by BRACE; generally the comparison was 

good. However, it must be clearly understood that many more such 

c omparisons must be made before any definitive statement about the 

reliability of BRACE can be made. 

A listing of the most recent versions of BRACE as well as our 

present evaluation of its use and limitations is enclosed as an addendum 

to the project report. 
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Part II, Experimental Work, presents the measured performance 

of the two instrumented sections of the MBTA braced excavation. This 

part of the report describes the soil profile, layout and description of 

field instrumentation, construction procedure, pore pressures near 

excavations, horizontal stresses and strut loads, and movements near 

the e xcavation. In this presentation, considerable work has been done 

in summarizing and presenting in readily usable form the raw data 

from the fi e ld instrumentation. Appendix II-A describes the details of 

the instruments at Test Sections A and B and presents uninterpreted 

plot s of the measurements obtained. 

Appendix II-B describes the data acquisition and management 

system that was developed to handle the enormous amount of data 

generated in this research project. 
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1. 1 INTRODUCTION 

CHAPTER ONE 

INTRODUCTION 

When designing the support system for a braced excavation, an 

engineer must ensure that the following two criteria are satisfied: 

(1) The loads acting on or in the support system do not 

become so large that failure occurs and the excava

tion collapses; 

(2) The movements of the soil adjacent to the excavation 

do not become so large that adjacent structures are 

damaged. 

Methods for predicting loads and movements associated with 

braced excavations are highly empirical and in many ways unsatisfactory. 

Owing to the indeterminate nature of the soil- support system the methods 

of analysis currently used by the engineering profession either are semi

empirical or involve greatly simplified approximations. The state-of

the-art for predicting the performance of braced excavations is indicated 

by Golder et al. (1970), where four authorities on lateral stresses made 
. l 

predictions of the stresses and movements for a section of braced exca~ 

vation in Boston. Their methods ranged from the use of semiempirical 

rules to an exercise of engineering judgment. 

1. 2 REPORT OBJECTIVES 

This report has three objectives. They are: 

1This test section is known as Test Section B and will be analyzed 
in this report. 
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(1) To develop a method for analyzing braced excavations 

based on the principles of soil mechanics and on the 

finite element technique. 

(2) To provide insight into the undrained behavior of 

braced excavations in clay. 

(3) To predict the performance of two instrumented 

sections of a braced excavation. The predictions are 

made using currently available methods, as well as 

the finite element method developed. The predicted 

performance is compared with the measured per

formance. 

1. 3 REPORT SCOPE 

The finite element method of analysis developed has the capa

bility of handling the bending stiffness of the retaining wall and the non

linear aspect of soil behavior. It also has the capability of simulating 

sequentially the process of excavation and strut installation employed 

in the field. 

Insights into the factors controlling the undrained behavior of 

brac ed excavations are obtained through example studies. The key 

factors investigated in these example studies are: (1) bending stiffness 

of the r etaining wall; (2) over consolidation ratio of the soil; (3) modulus 

variation with depth of the soil; and (4) linearly, bilinearly and non

line arly elastic stress-strain behavior of soil. 

The aspects of the performance of the two test sections pre

dicted are: (1) pore pressures; (2) strut loads; (3) wall movements; 

and (4) ground surface settlements. The finite element program BRACE 

is used to predict the strut loads, wall movements and the initial settle

m e nts of the ground surface. Table 1. 3 .1 summarizes all the methods 

of prediction used, together with the aspects of performance predicted. 
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CHAPTER TWO 

FINITE ELEMENT SIMULATION OF BRACED EXCA VA fIONS 

2. 1 INTRODUCTION 

This chapter presents the development of a finite element com

puter program for analyzing braced excavations. The program has the 

capability of: 

(1) Handling the bending stiffness of the retaining wall; 

(2) Simulating sequentially the process of excavation 

and strut installation; 

(3) Modeling the nonlinear aspects of soil behavior. 

In the next section the fundamental concepts of the finite element 

method are briefly discussed, and the simulation of the retaining wall 

by one-dimensional bar elements is described. The last two sections 

outline the simulation of excavation and strut installation. The modeling 

of the nonlinear aspects of soil behavior is presented in Chapter Four. 

In Appendix A the user's manual for the computer program developed is 

presented. The name of this program is BRACE. 

2. 2 FINITE ELEMENT METHOD 

The finite element method involves the idealization of a contin

uous structure by a system of discrete components of elements that are 

one, two or three dimensional. The three main components of the 

finite element method of analysis of a continuum are: (1) structural 

idealization; (2) evaluation of the element stiffness; and (3) structural 

analysis of the element assemblage. These components are explained 

in the following subsections. 

2. 2. 1 Structural Idealization 

Figure 2. 2. 1 illustrates a typical structural idealization of a 
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braced excavation problem. Only half of the profile is shown as the 

excavation is symmetrical about the center line. The wall is simu

lated by one-dimensional bar elements and the soil continuum is 

simulated by two-dimensional quadrilateral elements composed of four 

constant strain triangles (Wilson, 1965 ). 

In Fig. 2. 2 .1 the compressible soil layer rests on rigid rock. 

This soil-rock interface is represented by a 11 rough 11 base along which 

the nodes remained fixed. The nodes on the right-hand and the left

hand boundaries are on vertical rollers, i.e., they can move vertically 

but not horizontally. The right-hand boundary is far away so that the 

boundary condition is not important. For convenience vertical rollers 

are used. 

The structural idealization that is chosen depends on the geo

metry of excavation, the support system and the soil profile. As the 

stresses and strains in each element are assumed to be constant, the 

grid is constructed in such a way that the elements are small in regions 

where stress gradients are largest. 

2. 2. 2 Evaluation of the Element Stiffness 

The material properties of the elements represent the pro

perties of the soil, and therefore the material properties assigned to 

the elements should resemble those of the soil as closely as possible. 

In the analyses conducted in this Jjeport, the soil is regarded 

to be piecewise linearly elastic, i.e., linearly elastic within each 

increment of loading. Over the entire range of loading three types of 

elastic behavior are simulated: linear, bilinear, and anisotropically 

nonlinear. The sheeting is linearly elastic throughout. 

Once the stress-strain properties of the elements are specified 

the soil element stiffness matrix [KJ, (Clough 1965, Wilson 1965 and 

Zie nkiewicz and Cheung 1967) and wall element stiffness matrix [SJ, 

(Martin 1966, and Przemieniecki 1968) can be obtained. 
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2. 2. 3 Structural Analysis of the Element Assemblage 

Solution for the displacements and stresses of the element assem

blage requires that equilibrium, compatibility and force displacement 

relationships are satisfied simultaneously at all the nodes. 

Although the forces acting at each node are in equilibrium, the 

stresses acting on the boundaries between elements are not. The stress 

discontinuity is a result of the assumption of constant strain in each 

element. This stress discontinuity influences the simulation of excava

tion which is discussed in a later section of this chapter. 

Displacement compatibility is maintained on interelement 

boundaries for soil elements, but displacement compatibility is not 

maintained on the boundaries between one-dimensional wall elements 

and two-dimensional soil elements. The wall elements have three 

degrees of freedom per node, two translational and one rotational. Thus 

the wall elements are curved in the deformed state. Quadrilateral soil 

elements have only two degrees of freedom. In the deformed state their 

boundaries remain straight. 

The wall element stiffness matrix [S] is a 6 x 6 matrix, as there 

are two nodes per wall element and three degrees of freedom per node. 

The total stiffness matrix for m wall elements is 

m 
[SH] = ! [S] 

where [SH) is a 3 (m + 1) x 3 (m + 1) matrix. Christian (1970) reduces 

[SH] by static condensation of a 2 (m + 1) x 2 (m + 1) matrix . In this way, 

the unknowns corresponding to the rotations of the sheeting nodes are 

separated out of [SH) . A full description of the wall elements and static 

condensation is given in Appendix B. 

The stiffness matrix [ T] for the complete system of n soil 

elements and m wall elements is given by the summation of element 

stiffness: 
n 

[T] = ~ [KJ +[SH) 
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The equation for the relationship between the applied nodal forces 

(q) and the nodal point displacements (u) is 

(q) = [TJ · (u) 2.2.3.1 

The finite element method can handle any boundary conditions 

specified as either forces or displacements at the nodes. Solution of 

the system of equations represented by Eq. 2. 2. 3. 1 yields the unknown 

nodal displacements. The strains and the stress changes in the 

elements are then determined from the nodal displacements. 

2. 3 METHOD OF EXCAVATION 

The numerical procedures used to simulate excavation and strut 

installation are illustrated in Fig. 2. 3. 1 with the aid of an example. In 

this example five stages of excavation are performed and four levels of 

struts are installed sequentially, simulating the construction sequence 

of actual braced excavations. 

2. 3. 1 Simulation of Excavation 

When the ground surface is horizontal and external surface loads 

are absent, the initial stress distribution in the ground is geostatic. 

This means the principal stresses act in the vertical and horizontal 

directions and shear stresses are absent on the horizontal and vertical 

planes. 

Excavation in a soil having geostatic initial stresses is repre

sented in Fig. 2. 3. 2a. Initially, the principal stresses are normal 

to the surface to be exposed. After excavation the surface is stress

free. This is achieved by applying, on the newly exposed surface, 

tractions equal in magnitude but opposite in direction to the stresses 

present on the surface before excavation takes place. Figure 2. 3. 2b 

shows the stress releases corresponding to the second stage of exca

vation. The stresses to be released are the sum of the original 
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in situ stresses and the stress changes induced by the first stage of 

excavation. In this case, both normal and shear stresses contribute to 

the tractions to be applied in simulating excavation. 

The sign convention used in the finite element analysis is shown 

in Fig. 2. 3. 3. Tensile normal stresses are taken to be positive. 

2. 3 . 2 Methods of Stress Release 

In the finite element method of analysis stresses and stress 

changes are computed at the centroids of the elements. As the surface 

of excavation occurs along interelement boundaries, a problem arises 

in estimating stresses along the boundaries. 

Estimation of the stresses acting on horizontal interelement 

boundaries is straightforward. The average of the stresses in the two 

elements immediately across, i.e., above and below the boundary is 

computed, and this average stress is released. For estimating the 

stresses acting on a vertical boundary the following three alternatives 

are possible: 

(1) Averaging the stresses in the two elements immediately 

across the boundary of excavation. 

(2) No averaging, but using the stresses in the element 

immediately adjacent to the vertical boundary in the 

mass to be removed. 

(3) Extrapolating the stresses at the vertical boundary by 

considering the stress distribution in a horizontal band 

of elements to be removed. Extrapolation is performed 

by first fitting a polynomial of up to the tenth degree 

through the stresses in these elements and then evalu

ating the polynomial at the vertical boundary. 

In the following sections the movements and stress changes 

obtained using the first two procedures are examined for uniqueness 
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of solution. Arguments are then put forward for using the method of 

extrapolation. In this discussion the soil is homogeneous, isotropic 

and linearly elastic. Initially, the stresses are geostatic and there are 

no pore pressures so that total and effective stresses are equal. The 
. . 1 

excavation 1s open. 

2. 3. 3 Uniqueness of Solution 

Brown and Goodman (1963) and Goodman and Brown (1963) 

demonstrate mathematically for a built-up body such as an embank

ment, that the state of stress in the body would be different depending 

on whether the embankment is constructed in many lifts or in one single 

lift, even if the material is linearly elastic. Clough and Woodward 

(1967) show that displacements are also different depending on the number 

of lifts used. 

For an excavation the same is not true. Brown and King (1966) 

state that if the material is linearly elastic the stresses and strains at 

the final stage of excavation are independent of the number and shape 

of the excavation steps used. This statement has been recently proven 

by Ishihara (1970) for an arbitrary initial state of equilibrium stresses. 

2. 3. 4 Influence of Methods of Stress Release on Movements of 
Open cuts 

In this section the influence of stress release on the movements 

of open cuts is studied. The final excavation is 80 feet deep and 40 feet 

wide using a finite element grid shown in Fig. 2. 3. 4a. The soil 

properties are: 

1 

Young's Modulus E = 100 kips/ft
2 

µ = 1/3 

K = 1/2 
0 3 
y = 0.12 kips/ft 

In this report an open excavation is one which is completely 
unsupported. 
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Figures 2. 3. 5 and 2. 3. 6 summarize the movements of two points 

as a function of the number of lifts used when no averaging is performed 

across a vertical boundary (Method 2). The two points used for com

parison are Point B and Point c. Point B is located at the center line 

of the final bottom of the excavation, Point C is located at the corner 

between the vertical face of the excavation and the ground surface. 

Figure 2. 3. 5 shows that greatly different vertical movements 

occur at Point C when different numbers of lifts are used to achieve the 

same final depth of excavation. When only 1 lift is used, Point C moves 

down O. 4 ft.; when 8 lifts are used, Point C moves up O. 8 ft. On the 

other hand, the vertical movements of Point B are insensitive to the 

number of lifts used. Figure 2. 3. 6 further demonstrates that both the 

horizontal movement of Point C and the maximum horizontal movement 

of the vertical face of the cut are very sensitive to the number of lifts. 

To test whether the lack of uniqueness described in the last 

paragraph is due to the coarseness of the grid used, a finer grid with 

363 elements (Fig. 2. 3. 4b) is also used to study the influence of the 

number of lifts of excavation on movements. The soil properties are 

the same as before. Figures 2. 3. 7 (Method 2) and 2. 3. 8 (Method 1) 

show that the vertical and horizontal movements of points along the 

vertical face are greatly influenced by the number of lifts used. 

Figures 2. 3. 9 and 2. 3 .10 compare the movements obtained when Methods 

1 and 2 are used to estimate the stresses at the boundary. When Method 

1 is used the movements are even more sensitive to the number of lifts 

than when Method 2 is used. Again, the vertical movement of Point B 

is insensitive to the number of lifts used. 

2. 3. 5 Influence of Methods of Stress Release on Stresses in 
Open Cuts 

Figures 2. 3. 11, 2. 3. 12, and 2. 3 .13 show the vertical, horizontal 

and shear stresses acting on both sides of a plane coinciding with the 

vertical face of the cut, when Method 1 is used for releasing the stresses 
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on the vertical boundary. The horizontal and shear stresses acting on 

the vertical face of the cut are different depending on the number of 

lifts. For 1 lift the vertical face of the cut is, for a large part, almost 

free of horizontal and shear stresses, except near the bottom of the 

cut. When several lifts are used, residual stresses remain on the 

vertical fact of the cut and the stress distribution becomes oscillatory. 

The oscillations are more intense as the number of lifts is increased, 

i.e., fewer rows of elements are removed per lift. Finally, when 16 

lifts are used, with one row of elements per lift, the horizontal and 

shear stress distributions on the vertical face of the cut become almost 

linear with depth (Figs. 2.3.14 and 2.3.15). In Fig. 2.3.16 a com

parison is made of the distributions of horizontal stresses for a 4-lift 

excavation made with Methods 1 and 2. 

2. 3. 6 Residual Stresses 

Figures 2. 3 .12 through 2. 3. 15 show that there is a severe stress 

concentration at the bottom corner of the excavation. They also show 

the presence of residual stresses acting on the vertical face of the open 

cut. This boundary should be stress-free. It is therefore postulated 

that both the method of averaging and the method of no averaging do not 

give the true stresses on the vertical boundary of excavation. 

If the cut is not along a straight face, but rather occurs in a 

terraced manner, single-step and multi-step excavations will give very 

close results (Figs. 2.3.17 and 2.3.19). Duncan and Dunlop (1970) also 

show, for a terraced cut, that the final values of the stresses calcu

lated using 1 step and 3 steps are nearly identical. On the other hand, 

single- s tep and multi-step excavations along a straight vertical face 

produce movements very different from one another (Figs. 2. 3 .18 and 

2. 3. 20). The grids and soil properties used for the analyses of the 

terraced cuts and of the vertical cuts are identical. The reason why 

t e rraced cuts are not sensitive to the number of steps of excavation 

while c uts along a straight face are sensitive is that terracing a cut 
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avoids the necessity of releasing the stresses in corners where the stress 

concentration is very high. 

2. 3. 7 Method for Estimating Stresses on Vertical Face by Extrapolation 

Figure 2 . 3. 21 shows the stres s distributions in two horizontal rows 

of elements beneath the cut. For the row of element s immediately b e low 

the bottom of the cut, the rapid increase in both the horizontal and shear 

stresses near the bottom corner of the cut is very conspicuous. See 

Fig. 2. 3. 22 for the locations of the two horizontal rows of elements. 

By polynomial least square curve fitting a polynomial of up to the 

tenth degree can be fitted through the values of the stresses in the hori

zontal band of elements. The polynomial is then evaluated at the vertical 

boundary of excavation to obtain the stresses to be released. In Fig. 

2. 3. 21 the horizontal and shear stresses extrapolated in this way are 

indicated by the ringed dot 0. The polynomial used for the extrapolation 

shown in Fig. 2. 3. 21 is of the sixth degree. The polynomial least square 

fitting procedure requires at least two more data points than the degree 

of the specified polynomial. Figure 2. 3. 22 shows that there are 8 elements 

in each horizontal row to be excavated. This means the polynomial speci

fied should not be greater than 6. As illustrated in Fig. 2.3.22, . the 

elements in each horizontal row to be excavated must be either square or 

rectangles. 

The subject of polynomial least square curve fitting is well dis

cussed in standard texts (Hamming 1962, Ralston 1965, and Liebelt 1967 ). 

The computer program is available in the Scientific Subroutine Package 

(IBM 1968). 

Figures 2. 3. 23 and 2. 3. 24 show that the movements obtained using 

these extrapolated stresses at the vertical boundary of cut are virtually 

independent of the number of lifts of excavation. Figure 2. 3. 25 further 

shows that the net residual horizontal stresses on the vertical face of the 

open cut are nearly zero, using the method of extrapolation. There is 
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still osc illation about the zero line, but the algebraic sum is zero. The 

solutions obtained using the method of extrapolation therefore satisfy 

the condition of uniqueness better than those obtained using the other two 

methods. 

It is concluded that for excavation with a straight vertical boundary, 

the method of extrapolation is the best way of estimating the stresses to 

be released along the vertical boundary. This method is especially appli

cable to braced excavations where the presence of the wall renders 

averaging across the vertical boundary impossible. 

2. 4 SEQUENCE OF STRUT INSTALLATION 

The numerical procedures used to simulate strut installation are 

illustrated in Fig. 2. 3 .1 with the aid of an example. As excavation 

proceeds, struts are installed to reduce further movements. 

Depending on the details of the wedging procedure used by the 

contractor, the movement of the wall at the strut level after the strut has 

been installed may or may not be appreciable. If the wedges placed be

tween the wale and the wall are rigid, no further wall movement at the 

strut l e ve l will occur. This situation is simulated by fixing the node at 

which the strut is installed. On the other hand, if the wedges are soft 

a large movement may continue to occur at the strut level after the strut 

i s installed. This situation is simulated by specifying a further wall 

mo vement at the strut level as a percentage of the wall move m e nt that 

occurs b efore the strut i s installed. This percentage will be based on 

the judgm ent of the person performing the analysis. Elastic behavior 

of s truts i s not simulate d because in general the elastic shortening of 
2 

s trut s i s very small. Pre stre ssing of struts is frequently employed 

2 
F or example , the largest average load recorded at Te st Section B 
is 2 96 kips (F ig. 5. 6.1). Using an area of cross s e ction of the 
s trut of O. 33 6 ft2, a half length of 18 ft and a Young' s Modulus of 
4 . 17 x 10 6 kips/ft 2, the elastic shortening calculated is only about 
0. 004 ft. 
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in the field. Prestressing can be simulated in the computer program by 

applying a force equal to the preload acting at the node where a strut is 

installed. 

The user's manual contained in Appendix II-A explains in detail 

the working of the finite element computer program BRACE. 
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CHAPTER THREE 

EXAMPLE STUDIES OF BRACED EXCAVATIONS 

USING LINEARLY ELASTIC STRESS-STRAIN RELATIONS 

3. 1 INTRODUCTION 

This chapter presents the results of example studies of braced 

excavations using the finite element program BRACE. The influence of 

the following factors on the behavior of braced excavations are studied: 

(a) Depth of excavation 

(b) Presence of unstrutted sheeting 

(c) Wall stiffness 

(d) Overconsolidation ratio of soil 

(e) Modulus variation with depth of soil 

(f) Modulus of soil. 

Table 3 .1.1 shows the computer runs made and summarizes the 

input variables used in the example studies. The stress-strain rela

tions of the soil are isotropic and linearly elastic. Initially the stresses 

in the soil are geostatic. In Runs Ll through L3 pore pressures are 

not present in the soil so that total and effective stresses are equal. In 

Runs L4 through Lll the soil is fully saturated with the water table at 

the ground level. The soil parameters for Runs L4 through Lll are based 

on results of laboratory tests on Boston blue clay reported by D' Appolonia 

and Lambe (1970) and Kinner (1970). 

3. 2 INFLUENCE OF DEPTH OF EXCAVATION ON MOVEMENTS 
OF OPEN EXCAVATIONS 

This section presents results of an investigation into the influence 

of the depth of excavation on the movements of the soil adjacent to an 

open excavation. The excavation is 40 feet wide. The finite element 

grid is shown in Fig. 2. 3. 2a and the soil properties used are summarized 

under Run No. Ll in Table 3. 1. 1. 
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Two points are used to summarize the movements of the excava

tion. Point B is located at the center line of the bottom of the excavation. 

Point C is located at the corner between the vertical face of the excava

tion and the ground surface. 

Figure 3. 2 .1 shows the vertical movements of Point C as the 

depth of excavation increases. At shallow depths of excavation Point C 

moves upward. As the depth of excavation increases, the upward move

ment at Point C decreases and when the depth of excavation reaches 

80 feet, Point C experiences a net downward movement of O. 43 feet. 

Two factors contribute to vertical movement at Point C: the vertical 

forces pulling up at the bottom of the excavation and the horizontal 

forces pulling away from the vertical face of the excavation. At shallow 

depths of excavation the upward pull dominates and Point C moves up. 

At greater depths of excavation the horizontal pull dominates and Point 

C moves down. 

Figure 3. 2. 2 shows that both the horizontal movement at Point 

C as well as the maximum horizontal movement of the vertical face of 

the open excavation increase greatly as the depth of excavation increases. 

Figure 3. 2. 3 shows that the upward movement of the bottom of the 

excavation at first increases and then decreases with increasing depth 

of excavation. These trends have also been reported by DiBiagio (1966). 

3. 3 INFLUENCE OF UNSTRUTTED SHEETING ON BEHAVIOR 
OF EXCAVATIONS 

This section presents results of an investigation into the influence 

of an unstrutted sheeting on the movements of, and the horizontal 

stresses acting on, the vertical face of an excavation. Two cases are 

compared. One case involves an open excavation. The other case 

involves an excavation retained by Bethlehem ZP38 sheeting. In both 

cases the sides of the excavation are not supported by struts. The 

finite element grid is shown in Fig. 2. 3. 4b and the soil properties are 
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summarized under Runs L2 and L3 in Table 3. 1.1. The soil layer is 

80 feet thick. The excavation is 40 feet deep and the sheeting is 70 

feet long. 

Figure 3. 3 .1 shows that the unstrutted sheeting does not signi

ficantly reduce the inward horizontal movement of the vertical face for 

the two cases analyzed. It does, however, alter the deflected shape 

of line AA along the vertical face of the excavation. With no sheeting 

there is a discontinuity in the deflected shape near the bottom corner 

of the excavation. When the sheeting is present its rigidity helps to 

smooth out this discontinuity. 

Figure 3. 3. 2 compares the horizontal stresses acting on the 

vertical face of the excavation with and without sheeting. For the open 

excavation, the vertical face is almost free of horizontal stresses except 

near the bottom corner of the excavation where there is a large stress 

concentration. The rigidity of the sheeting causes a redistribution of 

the horizontal stresses acting on the vertical face and also causes 

tensile stresses to develop near the top of the cut. Further down large 

horizontal stresses are present, but there is no concentration of stresses 

near the bottom corner of the excavation. 

3.4 INFLUENCE OF WALL STIFFNESS ON BEHAVIOR OF 
BRACED EXCAVATIONS IN NORMALLY CONSOLIDATED CLAYS 
WITH LINEARLY INCREASING MODULUS WITH DEPTH 

This section presents results of an investigation into the influence 

of wall stiffness on the behavior of braced excavations. Four walls are 

studied: (1) ZP38 sheeting, (2) a 3 foot thick slurry wall, (3) imaginary 

wall with zero stiffness and (4) an open excavation. The aspects of 

behavior studied are: (1) movements, (2) stresses acting on wall, (3) 

stresses in soil, (4) strut loads, and (5) bending moments and shear 

forces in wall. 

The finite element grid and the sequence of excavation and strut 

installation are shown in Fig. 2. 3. 1. The soil properties are summarized 
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under Runs L4 through L7 in Table 3 .1.1. The final depth of excavation 

is 50 feet. The width of the excavation is 40 feet. The soil layer is 70 

feet thick. The walls are 60 feet long. Excavations are made under 
1 

undrained conditions. The slurry wall is simulated by one-dimensional 

bar elements. Table 3. 4.1 summarizes the properties of the walls. 

After each strut is installed, further movement of the sheeting 

at that strut level is prevented. Five stages of excavation are performed 

and four levels of struts are installed sequentially. The struts are not 

pre stressed. 

3. 4. 1 Movements 

Figure 3. 4. 1 shows the deformed states of the soil mass corre

sponding to the final stage of excavation for four cases of wall supports. 

The strutted wall greatly reduces both the horizontal movements of the 

vertical face of the excavation as well as the vertical settlement of the 

ground. Moreover, as expected, the stiffer the wall, the smaller are 

the movements. On the other hand, the heave of the bottom of the exca

vation is virtually independent of the stiffness of the wall. 

Figure 3. 4. 2 shows the horizontal movements of the three walls 

through the five stages of excavation, as well as the horizontal move

ments of the vertical face of the open excavation. For zero wall stiff

ness, strutting the sides reduces the maximum horizontal movement of 

the vertical face by half. With the ZP38 sheeting the maximum hori

zontal movement is O. 21 feet, while with the s lurry wall it is O. 16 feet. 

3. 4. 2 Stresses Acting on Wall 

Figure 3. 4. 3 shows the horizontal stresses acting on the slurry 

1 The term "slurry wall" is used in this report to mean a concrete 
retaining wall built in a mechanically excavated trench which is 
supported by bentonite slurry. 
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wall and the ZP38 sheeting. As expected, the stresses acting on the slurry 

wall are greater than those acting on the sheeting. The slurry wall, being 

stiffer, moves less and therefore the stresses acting on the slurry wall 

depart from the geostatic stress state less than the stresses acting on the 

sheeting. 

Figure 3. 4. 4 shows the horizontal stresses acting on the ZP38 

sheeting during the various stages of excavation. When soil is removed 

from the front face of the wall, the horizontal stresses acting on the back 

face of the wall generally decrease. However, if a strut is present and 

soil is removed from below that strut level, the stresses acting on the 

back face of the wall immediately above that strut level generally increase. 

The reason for this increase is the rotation of the wall into the soil as a 

consequence of the fact that the wall behaves as a continuous beam. 

The horizontal stresses acting on the front face of the ZP38 

sheeting below the bottom of various stages of excavation are shown in 

Fig. 3. 4. 5. At each stage of excavation there is a large stress concen

tration near the corner of the excavation. Except near the bottom corner 

of the excavation the stresses are smaller than the original geostatic 

horizontal stresses for the case analyzed. The soil immediately in front 

of the sheeting experiences both vertical unloading and horizontal loading. 

Figure 3. 4. 5 suggests that except near the bottom corner of the excava

tion where stress concentration is high, the effect of vertical loading on 

the horizontal stress distribution is greater than the effect of horizontal 

loading. 

3. 4. 3 Stresses in Soil 

Figure 3. 4. 6 shows the stresses in the soil after the second stage 

of excavation. The stress changes from the initial condition are smaller 

when a slurry wall is used than when ZP38 sheeting is used. 

Figure 3. 4. 7 shows the stresses in the soil mass after the fifth 
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stage of excavation. In general, the softer the retaining wall, the 

greater the stress changes from the initial condition and the greater 

the zone over which these stress changes occur. In fact, if an infin

itely stiff slurry wall is socketed in bedrock and is strutted at the top 

before any excavation is made then the stress changes and the strains 

in the soil mass will be zero. Beyond a distance from the vertical face 

of the cut of about twice the depth of the cut, the stress changes in the 

soil are very small for both walls. 

3. 4. 4 Strut Loads 

Figure 3. 4. 8 summarizes the strut loads during excavation. 

The strut loads are greater when the slurry wall is used than when the 

ZP38 sheeting is used. This is expected as the horizontal stresses 

acting on the slurry wall are greater than those acting on the sheeting. 

After the bottom strut is installed and further excavation is made below 

the bottom strut, the load in the strut immediately above the bottom 

strut generally decreases. 

3. 4. 5 Bending Moments and Shear Forces in Sheeting 

Figure 3. 4. 9 shows the bending moments and Fig. 3. 4.10 shows 

the shear forces in the ZP38 sheeting at various stages of excavation. 

Positive bending moments are plotted at the side of the sheeting where 

tensile fiber stresses are developed. Note that Stage 2 excavation, 

where only one strut has been installed, corresponds qualitatively to 

an anchored bulkhead. Comparison of bending moment and shear force 

diagrams show that, as expected, maxima of the bending moment dia

grams occur where the shear forces are zero. For the case repre

sented by Fig. 3. 4. 9, the largest bending moment at each stage of 

excavation occurs below the current bottom strut. 

3. 5 INFLUENCE OF OVER CONSOLIDATION RATIO ON BEHAVIOR 
OF BRACED EXCAVATIONS IN CLAYS 

This section presents results of an investigation into the influence 
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of overconsolidation ratio (OCR) on the behavior of braced excavations 

in clays. As the lateral stress ratio K of a soil with a given plasticity 
0 

index is related to the overconsolidation ratio (Brooker and Ireland, 

1965), the results of the investigation also show the influence of K on 
0 

the behavior of braced excavations. The overconsolidation ratios 

studied are 1, 2 and 5, corresponding to K of O. 5, 0. 7 and 1. These 
0 

values of K are obtained from a relationship between K and OCR for 
0 0 

Boston blue clay reported by D'Appolonia and Lambe (1970) and shown 

in Fig. 3. 5.1. 

The finite element grid and the sequence of excavation and strut 

installation are shown in Fig. 2. 3. 1. The excavation is retained by Z P3 8 

sheeting and supported by 4 level of struts. The final depth of excavation 

is 50 feet. The width of excavation is 40 feet. The sheeting is 60 feet 

long. The soil properties are summarized under Runs L4, L8 and L9 

in Table 3. 1. 1. 

Excavations are made under undrained conditions. After each 

strut is installed, further movement of the sheeting at the strut level 

is prevented. The struts are not prestressed. 

3. 5. 1 Movements 

Figure 3. 5. 2 compares maximum movements for soils with 

different K . 
0 

For the cases analyzed, the maximum sheeting movement, 

maximum bottom heave, and maximum ground settlement are relatively 

insensitive to the lateral stress ratio. DiBiagio (1966) shows that for 

open cuts in dry soil, while the bottom heave is insensitive to K , the 
0 

maximum horizontal movement of the vertical face is almost directly 

proportional to K . 
0 

The relative insensitivity of the sheeting movements in braced 

cuts in saturated elastic soils to K is due to (a) the presence of pore 
0 
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pressures which decreases the influence of K on ah, i.e .• K with 
0 0 

respect to total stress does not vary much, (b) the presence of the 

sheeting and bracing system. 

3. 5. 2 Stress Distributions on Sheeting 

Figure 3. 5. 3 shows the initial total lateral stessses before exca

vation, as well as the final total lateral stresses, for three overcon

solidation ratios. The final lateral stresses depend on the initial states 

of stre ss. The higher the K the larger the final lateral stresses acting 
0 

on the sheeting. For comparison Fig. 3. 5. 4 shows the initial lateral 

stresses for the three OCR I s when the soils are completely dry and 

pore pressures are zero everywhere. The influence of K on the initial 
0 

lateral stress distributions is much greater when the pore pressures are 

zero. The same argument can be applied to the final lateral stresses. 

3. 5. 3 Stress Reorientations in Soils 

Figures 3. 5. 5 and 3. 5. 6 show the reorientations of the total 

principal stresses caused by excavations in soils with OCR equal to 2 

and 5 respectively. Immediately below the center line of the excavation 

there is almost a 90° change in the orientation of the principal stresses. 

Whereas initially the major principal stress acts in the vertical direction, 

after e xcavation it acts in the horizontal direction. Immediately behind 

the sheeting there is also significant stress reorientation. The stress 

concentration near the bottom corner of the excavation is very con

spicuous. The crosses show the relative magnitude of the major and 

the minor principal stresses and the directions in which these stresses 

act. 

3. 6 INFLUENCE OF MODULUS VARIATIONS WITH DEPTH OF 
CLAY ON BEHAVIOR OF BRACED EXCAVATIONS 

This section presents results of an investigation into the influence 

of t w o modulus variations with depth of clay on the behavior of braced 
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excavations. The modulus variations with depth are: 

(1) Modulus increasing linearly with depth from zero 

(2) 

at ground surface. (E/u =80) 
VO 

2 
Modulus constant with depth. (E = 17 5 kips/ ft ). 

The ave rage value of the modulus is the same for the two vari

ations. Figure 3. 6.1 illustrates these two modulus variations with depth. 

Movements, stresses acting on the sheeting, and strut loads are com

pa r ed in Subsections 3. 6 .1 through 3. 6. 3 for excavations in clays with 

these two modulus variations. Note that the comparisons and dis

cussions are relevant only to the two cases analyzed, and their parti

cular geometry and soil properties. One important factor is the fact 

that the average value of the modulus is the same for the two variations. 

The finite element grid and the sequence of e xcavation and strut 

ins tallations are shown in Fig. 2. 3. 1. The excavation is retained by 

ZP38 sheeting and supported by 4 levels of struts. The final depth of 

exc avation is 50 feet. The width of the excavation is 40 feet. The 

she eting is 60 feet long. The soil properties are summarized unde r 

Run L4 and Run LlO in Table 3 .1. 1. 

E xcavations are made under undrained conditions. After each 

st rut is installed further movement of the sheeting at that strut leve l 

is prevented. The s truts are not prestressed. 

3. 6 . 1 Movements 

F igure 3. 6. 2 compares the horizontal sheeting movements during 

exc avation in soils with linear and with constant modulus with depth. 

The average modulus is the same for the two variations. During the 

init ial s tage s of e xcavation the maximum horizontal sheeting movem ents 

are smalle r in the soil with constant modulus than in the soil with line a r 
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modulus. At the final stage of excavation the reverse is true. 

Figure 3. 6. 3 compares the ground settlements outside the exca

vation for the two modulus variations. As expected, initially the settle

ments of the soil with linear modulus are much larger than those of the 

soil with constant modulus. At the final stage of excavation the maximum 

settlements of the two soils are almost identical. 

Figure 3. 6. 4 compares the bottom heaves caused by excavation 

in soils with the two modulus variations. Initially, the soil with linear 

modulus heaves more than that with constant modulus. The reverse is 

true during the later stages of excavation. This trend is expected 

because elastic heave is governed by the average modulus below the 

bottom of the excavation. 

3. 6. 2 Stress Distributions on Sheeting 

Figure 3. 6. 5 compares the final horizontal stress distributions 

along the sheeting. It shows that the stresses near the top strut are 

much larger when the modulus is constant with depth than when it is 

linear with depth. When the modulus is constant with depth the soil 

near the ground surface is much stiffer than when the modulus is linear 

with depth. After the first strut has been installed and further excava

tion has proceeded below it, the sheeting rotates into the soil around 

the first strut, and therefore the pressures increase near the first strut. 

This phenomenon is more marked when the modulus is constant with 

depth because the soil is stiffer near the ground and softer further 

below than when the modulus is linear with depth. In natural soil 

deposits where a stiff crust usually overlies softer layers below, this 

phenomenon is of practical importance and is probably the basis for 

the trapezoidal shape of the design earth pressure diagrams suggested 

by Terzaghi and Peck (1967). 
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3.G.3 Strut Loads 

Figure 3. 6. 6 compares the strut loads for the two modulus 

variations. The total strut loads as well as the loads in the top two 

struts are larger when the modulus is constant with depth. At the 

final stage of excavation, the loads in the third and the fourth struts 

are nearly equal for the two modulus variations. This can be explained 

by the fact that near the third and the fourth struts, the moduli of the 

two soils are nearly equal. 

3. 7 BRACED CUTS IN CLAYS WITH SAME OCR BUT DIFFER ENT 
MODULI 

If a material is homogeneous, isotropic and linearly elastic the 

deformations resulting from a given applied load will be inversely pro

portional to the Young's modulus, other factors being constant. In 

braced excavations the soil-support system constitutes a nonhomogeneous 

assembly. The deformations and stress changes will be influenced not 

only by the stiffness of the soil but also by that of the wall. In Section 

3. 4 the influence of the stiffness of the wall on the performance of 

braced excavations was investigated. In this section the influence of 

changing the stiffness of the soil is studied. The stiffness of the wall 

is kept constant. 

The finite element grid and the sequence of excavation and strut 

installation are shown in Fig. 2. 3 .1. The excavation is retained by 

ZP38 sheeting and is supported by 4 levels of struts. The final depth 

of e xcavation is 50 feet and the width of excavation is 40 feet. The 

sheeting is 60 feet long. Excavations are made under undrained con

ditions. After each strut is installed, further movement of the sheeting 

at that strut level is prevented. The struts are not pre stressed. 

Two computer runs were made by using modulus ratio (E/ u ) 
VO 

of 80 and 300. The input variables for these two runs are summarized 
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under Run L4 and Run Lll in Table 3 .1.1. 

Figure 3. 7. 1 compares the maximum movements resulting from 

identical excavations. When E/ a is 80 the maximum settlement and 
VO 

sheeting movement are 0 .1166 and 0. 2156 feet, respectively. However, 

the maximum settlement and sheeting movement obtained from Case II 

by inverse proportionality are 0.1292 and 0. 2388 feet, an increase of 

about 10 %. The reason for this increase is that in a soil with a high 

modulus, the relative role played by a given sheeting is smaller than in 

a soil with a smaller modulus. 

Figure 3. 7. 2 compares the strut loads resulting from excavation 

in soils with E/7; = 80 and 300. When E/7; is 80 the total strut loads 
VO VO 

are greater than when E/ a = 300. The reason for this difference is 
VO 

that in the former case the sheeting behaves as a relatively stiffer wall 

than in the latter case and hence carries a bigger load. 
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CHAPTER FOUR 

EXAMPLE STUDIES OF BRACED EXCAVATIONS USING 
BILINEARLY AND ANISOTROPIC, NONLINEARLY ELASTIC 

STRESS-STRAIN RELATIONS 

4. 1 INTRODUCTION 

In the analyses presented in the preceding chapter the soils were 

assumed to be linearly elastic. In reality. the stress-strain behavior 

of soils is not linearly elastic except for small stress changes. In has 

been shown (D' Appolonia, 1968) that for model footing loadings on 

normally consolidated Boston blue clay. extensive yielded zones may be 

present in the soil even at factors of safety as high as 3. 

Classical earth pressure theories of Rankine, Coulomb, Brinch 

Hansen (1953) and others assume that the soil is in a state of limiting 

equilibrium. The concept of limiting equilibrium provides only esti

mates of the stress conditions at failure, but not estimates of the stresses 

and strains prior to failure. 

Figure 4. 2 .1 shows different time-independent stress-strain 

relations that can be used to simulate the behavior of soil. In this 

chapter only the bilinear and the nonlinear stress-strain relations will 

be considered. 

Two approaches are possible. The first one is to develop funda

mental relationships based on plasticity theory. An M. I. T. report (1968) 

describes a method based on the finite element technique for analyzing 

undrained loading on elasto-plastic soil. Hagmann (1971), using the 

finite element method, analyzes loading of strip footings on elasto

plastic and elasto-plastic-strain hardening soil. Hagmann' s method can 

handle at the present time only drained loading on soils. 
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The second approach is to approximate the actual stress-strain 

relation of soils with either two straight lines or with a curve. The 

loading is applied in increments. Within each increment the stress

strain relation is linearly elastic, but over the whole range of loading 

it is not. This approach is used in the analyses described in this 

chapter. 

4. 2 BILINEAR AND NONLINEAR APPROXIMATIONS OF 
STRESS-STRAIN RELATIONS OF SOILS 

The bilinear approximation consists of fitting two straight lines 

over the actual stress-strain curve determined in the laboratory. An 

example of this approximation is shown in Part C of Fig. 4.2.1. 

D'Appolonia and Lambe (1970), Dunlop and Duncan (1970) and Kinner 

(1970) have reported results of finite element analyses of strip footings 

and excavated slopes using bilinear stress-strain relations. 

The nonlinear approximation involves fitting a curve over the 

actual stress-strain curve. Kondner (1963), Kondner and Zelasko (1963) 

suggest a hyperbolic approximation. Duncan and Chang (1970) and Chang 

and Duncan (1970) have used this hyperbolic approximation in finite 

element analyses. 

However, while the hyperbola provides a good fit for some 

stress-strain curves, it may not do so for other curves. As there is 

no physical basis to show why the stress-strain curves should be hyper

bolic, the use of a hyperbolic approximation is restrictive. Figures 

4. 2. 2 and 4. 2. 3 from Kondner (1963) illustrate this point. 

A better approximation in theory is a polynomial. The fit can 

be made as close to the actual curve as desired by increasing the degree 

of the polynomial. The fit is performed using a polynomial least square 

method (Hamming 1962, Ralston 1965, and Liebelt 1967). The computer 

program is available in the Scientific Subroutine Package (IBM 1968). 
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Figures 4. 2. 4 and 4. 2. 5 show four plane strain tests on resedi

mented Boston blue clay reported by Bovee (1970). Also shown in the 

figures are the polynomial approximations. The fit is very close. 

Beyond a certain strain a straight line with a small positive slope 

supplements the polynomial. For the first load increment an initial 

modulus of E/~ = 450 is used. 
VO 

In both the bilinear and nonlinear analyses the bulk modulus 

remains unchanged throughout the entire range of loading. 

4. 3 EXAMPLE STUDIES OF BRACED EXCAVATIONS USING 
BILINEAR ELASTIC STRESS-STRAIN RELATIONS 

4. 3. 1 Introduction 

This section presents the results of example studies of braced 

excavations using BRACE and bilinear elastic stress-strain relations 

for clays. 

The finite element grid and the sequence of excavation and strut 

installation are shown in Fig. 2. 3. I. The excavation is supported by 

4 levels of struts. The final depth of excavation is 50 feet. The width 

of excavation is 40 feet. The wall is 60 feet long. Excavations are 

made under undrained conditions. After each strut is installed further 

movement of the wall at that strut level is prevented. The struts are 

not prestressed. 

The soil properties used in these analyses are summarized in 

Fig. 4. 3. I. They are based on results of laboratory tests on Boston 

blue clay reported by D'Appolonia and Lambe (1970) and Kinner (1970). 

Table 4. 3. I shows the computer runs made and summarizes the input 

variables. 

The aspects of behavior of braced excavations investigated are 

(a) development of yielded zones in soil, (b) stability factor in braced 
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excavations. (c) movements, and (d) stresses and strut loads. The 

following subsections describe these aspects of behavior in detail. 

4. 3. 2 Development of Yielded Zones 

The yield criterion adopted in the analyses using bilinearly 

elastic stress-strain relations is Tresca1 s criterion. According to 

this criterion, an element in a soil mass has yielded when the maximum 

shear stress in the element equals the undrained shear strength. 

Figures 4. 3. 2 through 4. 3. 5 show the development of yielded 

zones during excavation in clays of various OCR 1s. For the normally 

consolidated clay Fig. 4. 3. 2 shows that even at shallow excavations of 

10 and 22. 5 feet extensive yielding has occurred. At the final depth of 

50 feet the yielded zones in front of, and behind the sheeting have 

merged, forming a single continuous zone. 

Figures 4. 3. 3 through 4. 3. 5 show that for overconsolidated clays 

with OCR > 2 very little yielding occurs throughout the process of exca

vation. For the case when OCR = 25, the Su/-; used is only 1. 4 
VO 

rather than the full 1. 85. This reduction of 2 5% is to account for some 

loss of undrained strength with time for unloading of an overconsolidated 

clay. Despite this reduction very little yielding occurs. 

Figure 4. 3. 6 shows the yielded zones when the thickness of the 

clay layer is 100 feet for OCR = 1. The yielded zones are quite similar 

to those in Fig. 4. 3. 2. For sheeting not driven into bedrock or other 

stiffer layers, the presence of a 10 foot gap (Fig. 4. 3. 2) between the 

sheeting and the bedrock allows as much development of the yielded 

zones as the presence of a 40 foot gap (Fig. 4. 3. 6). 

Figure 4. 3. 7 shows the yielded zones when the excavation is 

retained by a 3-foot thick slurry wall. It shows that the use of the 

slurry wall does not reduce the development of the yielded zones when 

compared with the use of the ZP38 sheeting. 

-62-



Figure 4. 3. 8 shows the yielded zones when the top 30 feet of the 
. 2 

clay has an OCR = 2 and a constant Su = 0. 535 kip/ft , and the bottom 

40 feet of the clay has an OCR = land Su/cr = 0. 342. This strength 
VO 

profile simulates the overconsolidation due to desiccation near the 

ground surface found in many soil deposits. While little yielding has 

occurred in the top stronger layer, large yielded zones have formed 

in the softer layer below when the excavation has reached into that layer. 

4. 3. 3 Stability Factor in Braced Excavations 

Bjerrum and Eide (1956) suggest that the factor of safety of 

excavations against failure by bottom heave can be estimated by 

F = 
Su Ne 

YD 
(4.3.3.1) 

When y is the total unit weight, D is the depth of cut, Su is the undrained 

shear strength and Ne is a number depending on the geometry of the cut. 

Bjerrum and Eide (1956), Terzaghi and Peck (1967) and Peck 

(1969) recommend that the dimensionless number N be used as an index 

of approaching bottom failure where 

N = YD 
Su 

Combining these two equations one gets 

F = Ne 
N 

(4.3.3.2) 

(4.3.3.3) 

Table 4. 3. 2 shows the N values for braced excavation in a soil 

with the properties of Boston blue clay, and with OCR = 1, 2, 5 and 25. 

Reference to Figs. 4. 3. 2 and 4. 3. 6 for OCR = l shows that at N = 7 .1 

and D > 42. 5 feet, the yielded zones in front of and behind the sheeting 

have merged. 

Table 4. 3. 3 shows the factors of safety of the braced cuts 
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calculated from Eq. 4. 3. 3. 3. The Ne values were estimated from 

charts developed by Janbu et al (1956). It confirms that for a soil 

with the properties of normally consolidated Boston blue clay, when 

the two yielded zones have merged, the factor of safety is indeed 

less than 1 and that very large movements have occurred. 

For overconsolidated clays whose strength increases with 

depth, very little yielding will occur despite a relatively high N value. 

Table 4. 3. 2 shows that for OCR = 2 the N value is 5 when the excava

tion depth is 50 feet. This implies that in theory an excavation can 

be made to any depth without danger of base failure when the Su/ o 
VO 

ratio is constant with depth and when the OCR for the entire clay 

layer is equal to or greater than 2. This of course may not be true 

in actual field cases because the OCR for most soil deposits generally 

decreases with depth. The normally consolidated clays below will 

limit the depth to which an excavation can safely proceed (Fig. 4. 3. 8). 

Moreover, the loss with time of the undrained shear strength of over

consolidated clays may result in additional yielding. 

4. 3. 4 Movements 

Figure 4. 3. 9 compares the horizontal movements of the sheeting 

obtained in analyses using linearly and bilinearly elastic stress-strain 

relations. In the analysis using bilinearly elastic stress-strain rela

tions, a large movement of the bottom of the sheeting towards the 

excavation has taken place during the fifth stage of excavation. Refer

e nc e to Fig. 4. 3. 2 shows that during the fifth stage of excavation, the 

yielded zones in front of and behind the sheeting have merged, repre

senting a total failure condition. 

Figure 4 . 3 .10 compares the sheeting movements obtained in 

four analyses using bilinearly elastic stress-strain relations. It shows 
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that in three excavations a large movement of the bottom of the retaining 

wall towards the excavation has taken place during the final stage of 

excavation. Reference to Figs. 4. 3. 2, 4. 3. 7 and 4. 3. 8 shows that 

total failure conditions have been reached. Bilinearly elastic analysis 

of excavation in a clay with OCR = 2 retained by the ZP38 sheeting 

shows a maximum sheeting movement of O. 08 ft. compared with O. 44 

ft. obtained in bilinearly elastic analysis of excavation in a clay with 

OCR = 1. Reference to Fig. 4. 3. 5 shows that very little yielding 

occurs in the clay with OCR = 2. 

Figure 4. 3. 11 compares the settlements of the ground surface 

outside the excavation obtained in bilinearly and linearly elastic anal

yses of a clay with OCR = 1 retained by the ZP38 sheeting. At the fifth 

stage of excavation the maximum settlement obtained in the linearly 

elastic analysis is 0. 035 feet, compared with 1. 01 feet obtained in the 

bilinear ly elastic analysis. 

Figure 4. 3 .12 shows the deformed soil mass at the second and 

fifth stage of excavation obtained in three analyses. It shows again 

that when yielding is allowed, as in the bilinearly elastic analyses, the 

movements are much bigger than when it is not allowed, as in the 

linearly elastic analysis. When an overconsolidated layer overlies a 

normally consolidated layer, bilinearly elastic analyses show that the 

ground settlements are much less than when the whole deposit is 

entirely normally consolidated. At the later stages of excavation, 

when the bottom of the excavation has reached the softer layer below, 

the bottom heaves are the same whether the overconsolidated layer is 

or is not present at the top. 

4. 3. 5 Stresses and Strut Loads 

Figures 4. 3 .13 and 4. 3. 14 show the horizontal stresses acting 

on the ZP38 sheeting when the depth of excavation is 50 feet. The 
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OCR I s of the clay are 1 and 2. Also shown in the figure are the original 

geostatic stresses, and the distributions given by ah = 'YZ - 2 Su, where 

Su varies linearly with depth. 

Figure 4. 3 .15 shows the strut loads obtained in the bilinearly 

and linearly elastic analyses of a clay with OCR = 1. In the bilinearly 

elastic analysis of the final state of excavation the bottom strut experi

ences a very high load, while the third strut experiences a sharp 

reduction in load. This is expected as Fig. 4. 3. 2 shows that the yielded 

zones in front of and behind the sheeting have merged. The dimension

less number N at this stage is 8. 32. However, the total load in all the 

struts is not much larger than that obtained in the analysis using linearly 

elastic stress-strain relations. 

On the basis of the measurements from excavations in Oslo and 

Mexico City, Peck (1969) suggests that when N exceeds 6 a reduction 

factor m be applied to the Su when calculating the apparent pressure 

diagram. The value of m recommended is 0.4. In Fig. 4.3.13 the 

Terzaghi - Peck pressure diagrams for soft clay corresponding to 

m = 1. 0 and 0. 4 are shown. When m = 0. 4 is used, the pressure near 

the upper struts is much larger than that obtained in the bilinearly 

e las tic analysis. When a large movement of the sheeting towards the 

excavation has taken place below the bottom strut, the high load experi

enced by that strut calls for the extra margin of safety provided by the 

use of m = 0. 4. 

Figure 4. 3 .14 shows that for cuts in a clay with OCR = 2, the 

expression ah = 'YZ - 2 Su gives lower values of the horizontal stresses 

than the values predicted by BRACE using bilinearly elastic stress

strain relations. This is expected because Fig. 4. 3. 3 shows that very 

little yielding has occurred, and that the soil mass is still essentially 

e lastic , and therefore classical earth pressure theories based on 
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limiting equilibrium may not be applicable. On the other hand, the 

pressure distribution predicted by BRACE agrees well with the Terzaghi

Peck pressure diagram for stiff clay. 

Figure 4. 3 .16 shows the maximum stresse s due to bending 

experienced by the wall at the final stage of excavation when a large 

movement of the bottom of the wall towards the excavation has taken 

place. The stresses developed exceed the yield stress of the steel only 

in the case when the entire clay layer is completely normally consoli

dated. Even then the overstressing is very small. 

4.4 EXAMPLE STUDIES OF BRACED EXCAVATIONS USING 
ANISOTROPIC: NONLINEARLY ELASTIC STRESS-STRAIN 
RELATIONS 

4. 4. 1 Introduction 

This section presents the results of example studies of braced 

excavations using BRACE and anisotropic, nonlinearly elastic stress

strain relation for clays. 

The finite element grid and the sequence of excavation and strut 

installation are shown in Fig. 2. 3 .1. The excavation is retained by 

ZP38 sheeting and supported by 4 levels of struts. The final depth of 

excavation is 50 feet. The width of excavation is 40 feet. The sheeting 

is 60 feet long. Excavations are made under undrained conditions. 

After each strut is installed further movement of the wall at that strut 

le ve l is prevented. The struts are not prestressed. The computer 

runs made and the input variables are summarized in Table 4. 4.1. The 

stress-strain curves used in the example studies are shown in Figs. 

4 .2.4 and 4.2.5. 

The soils are assumed to be piecewise linearly elastic. Within 

each load increment the undrained Young's modulus under plane strain 

conditions is compute d as follows: 
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E = 

1. 5 [ (ul-u3)i - (ul-u3)i-1J 
= 

('Y ) . - ('Y ) . l max 1 max 1 -

where 'Y is the maximum undrained shear strain, and i denotes the 
max 

values at the end of the current increment, and (1- 1) denotes the values 

at the end of the previous increment. In any increment, 'Y for each 
max 

element at the end of that increment is put equal to ('Y ) . 
1 

+ 
max 1-

(6. 'Y ). 
1
, where (6. 'Y ) . 

1 
is the change in the maximum undrained 

max 1 - max 1 -

shear strain for that element computed in the previous increment. 

(u
1 

- u
3 

). corresponding to ('Y ). is then obtained from the stress-strain 
1 max 1 

curves. The modulus calculated for each element in this way approxi-

mates an increment secant modulus. 

4. 4. 2 Influence of Stress Reorientation on Modulus 

Ladd (1964) shows that the undrained modulus of a clay depends 

on the stress system. Triaxial extension and compression tests result 

in different stress-strain curves. The same is true of plane strain 

t e sts (Bovee, 1970 ). 

Figures 3. 5. 5 and 3. 5. 6 show that during excavation there is 

reorientation of the total principal stress directions. Studies con

ducted by Duncan and Dunlop (1969) of the simple shear tests have 

shown the importance of the influence of stress reorientation on the 

stress-strain behavior of the soil. After considering cross-aniso

t ropy theoretically, Christian (1970) suggests the following approximate 

relation to account for the effect of this reorientation: 

(4.4.2.1) 
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where E and E are the incremental secant moduli from active and 
V H 

passive tests, respectively, and 0 is the orientation from the verti-

cal of the direction of the major (compression positive) principal 

stress changes. E
0 

is then the modulus to be used. In this way, the 

anisotropy of both strength and modulus of the clay is accounted for. 

4. 4. 3 Movements 

Figure 4. 4.1 compares the ground surface settlements caused 

by excavation in clays with OCR = 1 and 2. Anistropic, nonlinearly 

elastic stress-strain relations are employed. The maximum settle

ment for OCR = 1 is O .17 feet compared with O. 11 feet for OCR = 2. 

Figure 4. 4. 2 compares the maximum settlements of the ground 

surface when linearly, bilinearly and anisotropic, nonlinearly elastic 

stress-strain relations are employed. The bilinearly elastic stress

strain relation gives the largest settlement. 

Figure 4. 4. 3 shows the horizontal sheeting movements for 

OCR = 1 and 2 when anisotropic, nonlinearly elastic stress-strain 

relations are used. Comparison with Fig. 4. 3 .10 shows that the non

linearly elastic analysis results in larger sheeting movements. The 

exception occurs during the final stage of excavation in the bilinearly 

elastic analysis when a large movement of the bottom of the sheeting 

towards the excavation has taken place. Bilinearly elastic analysis 

shows relatively small movements of the toe of the sheeting at shallow 

depths of excavation. The analysis using anisotropic, nonlinearly 

elastic stress-strain relations shows that appreciable toe movements 

have occurred even at shallow depths of excavation, the reasons 

being that in this analysis the stiffness of the soil is continuously 

changing. 

Figure 4. 4. 4 shows the deformed soil mass at D = 22. 5 and 

50 feet for OCR = 1 and 2. 
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4. 4. 4 Stresses and Strut Loads 

Figure 4. 4. 5 shows orientation of the total principal stresses 

in the clays at D = 22. 5 and 50 feet. 

Figure 4. 4. 6 shows the contours of maximum shear stresses 

in the clays at D = 22. 5 and 50 feet. 

Figure 4. 4. 7 shows the strut loads obtained in analyses of exca

vations in clays with OCR equal to 1 and 2 using anisotropic, nonlinearly 

elastic stress-strain relations. Figure 4. 4. 8 compares the strut loads 

obtained in three analyses of an excavation in normally consolidated 

clay using linearly, bilinearly and anisotropic, nonlinearly elastic 

stress- strain relations for the clay. The total strut loads obtained in 

the three analyses are nearly the same. At the final stage of excavation, 

the load in the bottom strut obtained using anisotropic, nonlinearly 

elastic stress- strain relations is much smaller than that obtained using 

bilinearly elastic stress- strain relations. The reason for this difference 

is that in the nonlinear case there is no large movement of the bottom of 

the sheeting at the final stage of excavation whereas in the bilinear case 

there is a large movement. 
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CHAPTER FIVE 

PREDICTED PERFORMANCES OF TEST SECTIONS A AND B 
NORTH STATION, BOSTON 

5. 1 INTRODUCTION 

In this chapter the predicted performances of Test Sections A 

and B are presented. The aspects of the performances predicted were 

pore pressures, horizontal stresses and strut loads, wall movements, 

and ground settlements. The measured performances of Test Sections 

A and B are presented in Part II of this report. 

The pore pressures were predicted first, as they were needed 

for the predictions of the other aspects of the performances. For pre

dicting horizontal stresses and strut loads, wall movements, and 

ground settlements, currently available techniques as well as the finite 

element program BRACE were employed. 

5. 2 PORE PRESSURES NEAR EXCAVATIONS 

Pore pressure considerations are important in braced excava

tions in the following ways: 

(1) Pore pressures can constitute a large portion of the 

stress acting on the sheeting. 

(2) Decrease in pore pressures can result in settlements 

of nearby soils. 

(3) Piping or blowup may occur in an excavation. 

Section 5 in Part II of this report lists the causes for pore pres

sure changes at Test Sections A and B. In general, it can be expected 

that the pore pressures outside an excavation will not be static. For 

soils of high permeability steady-state seepage is quickly reached. 
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For soils of low permeability such as clays, transient conditions are 

more probable in view of the relatively short time during which an exca

vation is open. For clays, the excess pore pressure caused by total 

stress changes may also be important. 

5. 2. 1 Steady- State Seepage Analysis 

Given the hydraulic boundary conditions the following methods 

can be used to analyze seepage: 

1. Analytical solutions, including conformal mapping and 

the hydograph method. 

2. Graphical flow nets 

3. Electrical analogues 

4. The flow tanks 

5. Hele-Shaw models 

6. Numerical analyses - finite element or finite difference. 

Analytical solutions exist for a few simple cases only. Naturally 

occurring soils are generally inhomogeneous and anisotropic and, 

therefore, the methods 2, 3, 4, and 5 are very laborious to use. On 

the other hand, numerical analyses, particularly the finite element 

analysis, are very suitable as they can handle any boundary conditions 

and soil inhomogeneity and anisotropy. This method will be used to 

analyze the seepage at Test Sections B and A. 

5. 2 . 2 Finite Element Analysis of Seepage at Test Sections B and A 

The permeabilities used in the analysis are shown in Fig. 5. 2 .1. 

The permeabilities of the silts and the fill were obtained from field 

sensitivity tests on piezometers and observation wells. The pe rmea

bility of the till was obtained from values listed in publications relating 
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permeabilities with soil types and particle sizes (Land and Washburn, 

1946, Terzaghi and Peck, 1967). 

The sheeting had holes and ruptured joints and was not water

tight (Se e Part II, Figs. 4. 2 and 4. 3). A range of values of the equvi

lent permeability of a sheeting of gross thickness (perpendicular to 

the axis of the excavation) of one foot was employed in the analyses. 

Figure 5. 2. 2 compares the pore pressures acting on the wall at Test 

Section B corresponding to a range of permeabilities for the sheeting . 

Finally, the equivalent permeability of 0. 1 x 10-
6 

cm/ sec was chosen, 

based on the assumption that when the excavation was about 38 feet 

deep, roughly equal amounts of water flowed through the sheeting as 

under the sheeting. This equivalent permeability of 0.1 x 10-
6 

cm/sec 

was used for all the seepage analyses to be described later in this 

section. 

Figure 5. 2. 3 shows the finite element grid used for the analysis 

of Test Section B. The computer program called FEDAR was used 

(Taylor and Brown 1967). 

Figure 5. 2. 4 compares the measured with the predicted pore 

pressures near the sheeting at the final stage of excavation. Figure 

5. 2. 5 shows the contours of the total head when the excavation was 

48 feet deep. It is interesting to compare it with Fig. 5. 2 of Part II 

which shows the measured contours. 

Figure 5. 2. 6 shows the predicted total head 20 feet from the 

sheeting at various stages of excavation at Test Section B. The 

measured values are shown in Fig. 5.1 of Part II. 

A similar analysis was also performed for Test Section A. 

Owing to the intense recharging. the pore pressure distribution based 

on steady-state seepage, which did not consider recharging, was not 
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used. Instead, a "best estimate" distribution intermediate between the 

static and the steady-state seepage distributions was preferred. This 

"best estimate" was based on the guess that the total head in the till 

would be nearer the steady-state seepage condition while the total 

head in the fill would be nearer the static condition. Figure 5. 2. 7 

shows the static, the steady-state seepage, the "best estimate," and 

the measured distributions on and near the sheeting at Test Section A. 

Section 5. 6 contains the conclusions. 

5. 3 HORIZONTAL STRESSES AND STRUT LOADS 

Three classes of methods will be used in this section for esti

mating horizontal stresses on the wall and the loads in the struts in 

braced excavations. They are: 

(1) Semiempiric al Methods 

(2) Stress Ratio Methods (horizontal stresses) and 

Elastic Beam Analyses (Strut Loads) 

(3) Finite Element Program BRACE. 

In all these methods the lateral stresses can be treated as total 

stresses, or separately, as pore pressures and effective stresses. 

Figure 5. 3 .1 from Lambe (1970) shows how considerations of 

pore pressures can sometimes be more important than those of effective 

stresses. For a normally consolidated soil the range of pore pressures 

between static steady-state seepage conditions is much greater than the 

range of horizontal effective stresses between at-rest and active conditions. 

5. 3. 1 Semiempirical Methods 

There are three commonly used semiempirical methods for 

estimating lateral stresses on a retaining wall. They are: 

(1) Terzaghi-Peck (Terzaghi and Peck 1967, Peck 1969 ). 
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(2} Tschebotarioff (Tschebotarioff, 1962). 

(3} Navdock (Navdock DM7, 1962). 

As the last two methods are variations of the old version of the 

T e rzaghi-Peck method and as the Terzaghi-Peck m ethod was revise d 

in 1967, only it will be employed as a vehicle to illustrate the use of 

this class of methods. Tschebotarioff's method for sand and Navdock's 

method for clay were also used to obtain the strut loads shown in Figs. 

5. 3. 6 and 5. 3. 7. The strut loads based on these semiemperical methods 

are maximum loads to be used for design only. 

As the T e r zaghi-Peck method does not contain recommendations 

for handling subsoil profiles which depart from the simple cases of 

homogeneous "clay" or "sand," the pre ssure diagrams in Figs. 5. 3. 2 

and 5. 3. 3 correspond to those for an undrained clay, a drained sand 

and a sand submerged in static water. The soil prope rties used for 

these "equivalent" sand and clay were average values of the fill, silt 

and till. After the horizontal stresses were obtained the load in each 

strut was computed by summing the stresses acting on the segment of 

wall halfway to each adjacent strut in the vertical direction. The strut 

loads computed are shown in Figs. 5. 3. 6 and 5. 3. 7 . 

5. 3. 2 Stress Ratio Methods 

This method is an e xtension of the stres s path concept (Lambe 

1964 and 1967). Even though stress path tests on "average samples" 

were not run, the c oncept of stress path was us e d to guide the e sti

mation of the horizontal stresses. If the deformation was likely to 

be large, the hori zontal stress distribution based on K was used, 
a 

whereas if the deformation was likely to be very small, the distri-

bution based on K was used. K corresponded to the active condi-
o a 

tion and K corresponded to the at-rest condition. For lack of a 
0 
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better name, this method is called "Stress Ratio Method." 

Figures 5. 3. 4 and 5. 3. 5 show the predicted horizontal stresses 

acting on the sheeting at Test Sections B and A. Owing to the rela

tively small horizontal movements expected near the top strut, and 

owing to possible arching, the effective lateral stress ratio, K, was 

expected to be equal to or greater than K in the fill. At Test Section 
0 

B, K = K = 0. 43 was used. At Test Section A, K = 0. 6 was used 
0 

because the fill layer was relatively thin and any rotation of the top of 

the sheeting into the fill might cause the stress ratio to exceed K . 
0 

For both test sections, K = K was used for the silt as the movement 
a 

of the sheeting was expected to be large enough for the active state to 

be developed. As the till was overconsolidated a lateral stress ratio 

halfway between K and K was used. 
o a 

After the horizontal stresses were obtained the strut loads 

were estimated by two methods. The first method assumed the sheeting 

to consist of independent vertical segments, as in the Terzaghi-Peck 

method. The strut loads obtained in this way are shown in Figs. 5. 3. 6 

and 5. 3. 7 under "Stress Ratio." The second method is to be explained 

in Section 5. 4.1. It made use of a computer program to analyze beams 

on elastic springs. 

5 . 3. 3 Finite Element Program BRACE 

The basis for this method has been explained in Chapter Two. 

Only the results for the two test sections will be presented here. 

In this method the full process of excavation was simulated. 

Simulating excavation and strut installation sequentially, the strut loads 

during the various stages of excavation were computed. Analyses 

using bilinearly elastic stress-strain relations wer performed for both 

sections. The pore pressures used were obtained in Section 5. 2. 2. 
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At Test Section B a surcharge of 500 psf over a distance of 85 ft. was 

imposed on the ground surface prior to the driving of the sheeting. 

The surcharge represented the building load due to the Empire Carpet 

Building. The soil properties used in the predictions made by BRACE 

are summarized in Fig. 5.3.10. Appendix I-C explains how these soil 

properties were obtained . 

The strut loads calculated are shown in Figs. 5. 3. 6_ through 

5. 3. 9. The movement of the sheeting at each strut l e vel was prevented 

after the strut had been installed at that level. In the same analysis 

move ments of the sheeting as well as initial settlements of the ground 

surface were also obtained. (See Sections 5. 4. 2 and 5. 5.1). 

5. 4 WALL MOVEMENTS 

Two methods were used. They were the method of elastic beams 

on springs and the finite element program BRACE. 

5. 4. 1 Method of Elastic Beams on Springs 

By estimating the stresses acting on the sheeting at each stage 

of excavation, and by using standard theories of elastic analysis of 

beams, the strut loads and wall movements could be obtained. In this 

way, the sequence of construction could be roughly simulated. 

The computer program STRUDL (M. I. T. 1969) was used. In 

this program the soil below the bottom of excavation and inside the 

sheeting was simulated by springs. The spring constant KSP for each 

spring was A:}. where L was the half width of the excavation, E was 

the Young's modulus of the soil, and A was the length halfway to each 

adjacent spring in the vertical direction (see Fig. 5. 4.1). Linear 

elasticity was assumed. The struts remained fixed after installation. 

The Young's moduli and Poisson's ratios of the soils used were the 

same as those us e d for BRACE (Fig. 5. 3. 10). 
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Figures 5.4.1 and 5.4.2 show the wall movements as well as the 

strut loads obtained for Test Sections B and A. The strut loads are 

also shown in Figs. 5.3.6 and 5.3.9. 

5. 4. 2 Finite Element Program BRACE 

The basis of this method has been explained in Chapter Two. 

Only the results are shown here. 

In this analysis two approaches were made regarding the move

ments of the sheeting after the strut installation. The first approach 

was that no further sheeting movement at the strut level occurred after 

the strut has been installed. The second approach was that after the 

strut had been installed a further sheeting movement at the strut level, 

equal to 50 % of the sheeting movement prior to the strut installation, 

occurred. The soil properties used are shown in Fig. 5. 3 .10. As 

explained in Section 5. 3. 3, the analyses performed made use of the 

bilinearly elastic stress-strain relations of the soils. 

Figs. 5.4.3 and 5.4.4 show the predicted wall movements at 

Test Sections B and A, respectively, during excavation. In each 

figure two sets of movements are shown corresponding to the 

assumptions of zero sheeting movement after strut installation. At 

Test Section B the prediction shows that (Fig. 5. 4. 3b) when an extra 

50% movement of the sheeting at the strut level was allowed after a 

strut had been installed, the bottom of the sheeting would kick in 

when the final stage of excavation was reached. (The penetration of 

sheeting below the final bottom of the excavation was only 2 feet at 

Test Section B.) 

5. 5 GROUND SETTLEMENTS 

There are two factors which cause settlements of the ground 

near an excavation. The first factor is the removal of the soil mass. 
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The second factor is the changes in pore pressures. Settlement due to 

the first factor is the initial settlement. Settlement due to the second 

factor is the consolidation settlement. 

5. 5. 1 Initial Settlements 

The finite element program BRACE was used to predict the 

initial settlements of the ground at Test Section B. 

The basis of this method has been explained in Chapter Two. 

The soil properties used are shown in Fig. 5. 3. 10. As explained in 

Section 5. 3. 3 the analyses performed made use of the bilinear ly 

elastic stress-strain relations of the soils. 

Figure 5. 5.1 shows the predicted initial settlements of the 

ground surface as well as those of the top of the silt layer at Test 

Section B, corresponding to the two cases when the sheeting did and 

did not move after strut installation. The predicted initial settlements 

shown correspond to the end of the fifth stage of excavation because 

total shear failure occurred during the sixth stage of excavation in the 

case when the strut was allowed to move. In the case when the strut 

was fixed very little further predicted settlements occurred during the 

sixth stage of excavation. Note that the predicted initial settlements 

of the top of the silt layer were much greater than those of the ground 

surface. 

5. 5. 2 Consolidation Settlements 

It has been shown in Chapter Five that excavation activities 

caused the total head in the surrounding soils at Test Sections B and 

A to drop. In Section 5. 2 the drops in total head at Test Sections B 

and A were predicted. 

Based on these predicted head drops, and assuming one

dimensional consolidation of the silt, the consolidation settlement 
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at Test Section B were predicted. 

The soil parameters used in the prediction of the consolidation 

settlements are listed in Table 5. 5 .1. The predicted consolidation 

settlements were added to the predicted initial settlements to give the 

predicted total settlements of the ground surface. Figure 5. 5.1 shows 

the predicted total settlements, in addition to the predicted initial 

settlements, of the ground surface. 

5. 6 COMPARISONS BETWEEN PREDICTED PERFORMANCE 
AND MEASURED PERFORMANCE 

5.6. 1 Pore Pressures 

Figure 5. 2. 7 shows the predicted and the measured pore pres

sures on and near the wall at Test Section A. At Test Section A the 

seepage condition was complicated by the recharging activities. In 

spite of the recharging, the pore pressures near the wall were far 

below the static distribution, and were close to the predicted steady 

seepage distribution. The conclusion to be derived is that for braced 

excavations in sands and silts the pore pressures outside the excava

tions will be less than static. Figure 5. 2. 4 shows the predicted and 

the measured pore pressures on the wall at Test Section B. The 

agreement for Test Section B is good. 

5. 6. 2 Strut Loads 

Figures 5. 3. 6 and 5. 3. 7 show the predicted and the measured 

strut loads at Test Sections B and A at full excavation, while Figs. 

5. 3. 8 and 5. 3. 9 show the predicted and measured strut loads during 

the various stages of excavation. The strut loads predicted by the 

finite element program BRACE (bilinearly elastic) agree quite well 

with the measured strut loads, and this agreement is encouraging. 

bile it is not possible to say which method of prediction is the best, 
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just on the basis of comparison with measurements from only two test 

sections, the finite element method BRACE clearly is very attractive. 

The semiempirical methods were evolved to provide maximum 

strut loads for design. Therefore, the strut loads predicted by these 

methods must be compared only with the maximum strut loads pre

dicted by other methods or the maximum strut loads measured (Figs. 

5. 6.1 and 5. 6. 2). A comparison between the predicted and the mea

sured loads show that the Terzaghi-Peck method for dry sand grossly 

underestimated the maximum strut loads, while the Terzaghi- Peck 

and the Navdock methods for clay grossly overestimated the loads 

in the top three struts at Test Section B and in all the struts at Test 

Section A. The reason for the disagreement was the fact that the soils 

at the two test sections were neither dry sands nor saturated undrained 

clays. Quite good agreement was obtained by the Terzaghi-Peck and 

the Tschebotarioff methods modified for sands submerged in static 

water. However, this agreement was probably fortuitous as the actual 

pore pressures were far from static. 

5. 6. 3 Wall Movements 

Figures 5.4.3 and 5.4.4 show the wall movements at the two 

test sections predicted by the finite element program BRACE. Figures 

7 .1 and 7. 4 of Part II show the measured wall movements at the two 

test sections. Figure 5. 6. 3 summarizes the measured and the pre

dicted maximum wall movements. The agreement obtained for Test 

Section B is considered good. For Test Section A the maximum pre

dicted wall movements were less than the measured movements. For 

both sections the predicted shapes of the deflected wall agreed very 

well with the measured shapes. 

Figures 5. 4.1 and 5. 4. 2 show the wall movements predicted 
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by the method of elastic beams with springs. The movements predicted 

were less than measured because the struts were assumed fixed after 

installation, and because the bottom of the walls was assumed hinged. 

5. 6. 4 Ground Settlements 

Figure 5. 5.1 shows the predicted ground surface settlements 

at Test Section B. Figure 7 .1 of Part II shows the measured settle

ments. Both the predicted initial and the predicted total settlements 

of the ground surface are shown in Fig. 5. 5.1. The maximum pre

dicted total settlement was 0. 6 feet and it consisted mostly of consoli

dation settlement. The maximum measured total settlements were 

0. 83 and 0. 41 feet west and east of the excavation, respectively (Fig. 

7. 1 of Part II). The overall agreement between the maximum pre

dicted total and the maximum measured total settlements is good. 

-82-



CHAPTER SIX 

SUMMARY A ND CONCLUSIONS 

6.1 DEVELOPMENT OF NEW METHOD 

This research has developed a method base d on the finite element 

technique for predicting: (1) movements of the soil mass adjacent to an 

excavation; (2) movements of the retaining wall; (3) stresses on the 

retaining wall; and (4) loads in the struts. This m e thod has the capa

bility of handling the bending stiffmess of the retaining wall and the 

nonlinear aspects of soil behavior. By removing soil elements and 

specifying the boundary conditions at the nodes where struts are installed, 

the user of the method can simulate the sequence of excavation and strut 

installation employed in the field. The computer program based on this 

method is called BRACE. 

6. 2 SUMMARY OF INSIGHTS GAINED FROM EXAMPLE STUDIES 

Solution of idealized examples obtained by BRACE using soil 

parameters measured in laboratory tests on Boston blue clay provid e s 

insights into the undrained behavior of braced e xcavations. The fol

lowing is a summary of the more important insight s . 

The stiffness of the wall has a great influe nce on movements 

and on strut loads. The lateral stress ratio, K , influences both the 
0 

final lateral stresses acting on the wall and the movements of the wall 

and of the soil, but this influence on the movements is small when the 

soil is behaving as a linearly elastic material. The modulus vari

ations with depth also influence the stresses and the movements even 

when the average modulus at the center line of the soil layer is the 

same. As the soil-support system is inhomogeneous, the movements 
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that occur are not dependent on the Young's modulus of the soil alone, 

and therefore these movements cannot be normalized with respective 

to the Young's modulus of the soil. 

Excavations in normally consolidated Boston blue clay result 

in extensive yielding of the clay. The use of the Terzaghi-Peck 

dimensionless number N provides a good indication of the approach 

of base failure. For normally consolidated Boston blue clay when N 

is greater than 7, the yielded masses behind and in front of the wall 

have begun to merge. When N is greater than 8 a large movement of 

the bottom of the wall towards the excavation has taken place, 

accompanied by large ground settlements and by a very large load in 

the bottom strut. The same happens when the excavation is retained 

by a slurry wall instead of ZP38 sheeting. A 10-foot gap between the 

bottom of the wall and the bedrock gives rise to as much yielding of 

the clay as a 40-foot gap for the same length of sheeting. When a stiff 

crust overlies a layer of normally consolidated Boston blue clay, 

extensive yielding occurs when the excavation has reached the normally 

consolidated layer. In all cases, when the yielded zones around the 

bottom of the wall have merged the bottom strut experiences a sharp 

increase in load. When this happens, the strut immediately above 

the bottom strut experiences a corresponding reduction in load. 

Excavations in overconsolidated Boston blue clay show that when 

the OCR is greater than or equal to 2, and when Su/ er is constant with 
VO 

depth, very little yielding occurs. When the OCR is greater than or 

equal to 2, classical earth pressure theories based on limiting equili

brium would underestimate the earth pressures on the wall because the 

soil mass is still essentially elastic. 

The nonlinear stress-strain relations of clays can be approxi

mated by a least square polynomial curve fitting procedure. In the 
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analysis using a nonlinearly elastic stress-strain relation the modulus 

of the clay changes continuously with new stress levels and, therefore, 

the influence of shear strength is automatically accounted for. By using 

an approximate correlation between the modulus and the orientation of 

the principal stress changes, the anisotropy of the modulus and shear 

strength of the clays can be simulated. For a normally consolidated 

soil an analysis using anisotropic, nonlinearly elastic stress-strain 

relations shows larger movements of the bottom of the sheeting at 

shallower depth than what an analysis using bilinearly elastic stress

strain relations shows. During the final stage of excavation the load 

in the bottom strut obtained using nonlinearly elastic stress-strain rela

tions is much less than that obtained using bilinear ly elastic stress

strain relations. 

6. 3 COMPARISON BETWEEN PREDICTED AND MEASURED 
PERFORMANCES 

In this report it has been demonstrated how the performance of 

two instrumented test sections could be predicted. The methods of pre

diction used are shown in Table 1. 3. 1, together with the aspects of the 

performance predicted. The predictions of the strut loads, the wall 

movements and the ground surface settlements were made using cur

rently available methods as well as the finite element program BRACE. 

Bilinearly elastic stress-strain relations of the soils were used in the 

predictions made by BRACE. 

The strut loads and wall movements predicted by BRACE agree 

well with those measured. The sum of the initial settlement of the 

ground surface predicted by BRACE and the consolidation settlement 

predicted by one-dimensional theory of consolidation agrees well with 

the total measured settlement. These agreements are encouraging. 
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Even though the performance predicted by the finite element 

program agrees well with the measured performance, it is not possible 

to say purely on the basis of a comparison of the predictions made by 

the various methods, which method of prediction is the best. More 

field cases will have to be analyzed before this can be ascertained. 

However, in view of its ability to handle the bending stiffness of the 

wall and the linearly, bilinearly or nonlinearly elastic stress-strain 

relations of the soil, and in view of its ability to simulate the exca

vation sequence in the field, the finite element program BRACE is 

clearly a very powerful method of predicting the performance of 

braced excavations. 
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Symbol 

a 

A 

B 

-
C 

C 
C 

C 
s 

C 
V 

D 

e 
0 

E 

E 
0 

G 
s 

H 

k 

K 

K 
a 

LIST OF SYMBOLS 

Represents 

Henkel's pore pressure parameter 

Area halfway to each adjacent spring in the vertical 
direction in STRUDL analysis 

Width of excavation 

Cohesion intercept based on effective stresses 

Compression index 

Swell index 

Coefficient of consolidation 

Depth of excavation 

Initial void ratio 

Young's modulus 

Yielded Young's modulus 

Initial Young's modulus in nonlinear elastic analysis 

Young's modulus from plane strain active test 

Young's modulus from plane strain passive test 

Factor of safety 

Specific gravity of solids 

Thickness of soil layer 

Permeability 

Lateral stress ratio 

Active stress ratio 
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Symbol 

K 
p 

K 
V 

I 

L 

N 

N 

N 
C 

OCR 

PI 

r 

s 
u 

st 

u, u 

u 
s 

u 
s 

u 
ss 

wf.. 

w 
p 

z 

Represents 

Permeability in the horizontal direction 

Lateral stress ratio at rest 

Passive stress ratio 

Permeability in the vertical direction 

Moment of inertia 

Half width of excavation in STRUDL analysis 

Standard penetration resistance 

Terzaghi-Peck dimensionless number 

Bearing capacity coefficient 

Overconsolidation ratio 

Plasticity index 

Ratio of undrained shear strength to vertical 
effective stress 

Undrained shear strength 

Sensitivity 

Pore pressure 

Static pore pressure 

Static pore pressure 

Pore pressure under steady state seepage conditions 

Liquid limit 

Plastic limit 

Depth below ground surface 
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Symbol 

[KJ 

[qJ 

[sJ 

[SHJ 

[TJ 

[uJ 

E/~ 
VO 

Su/a 
VO 

KSP 

')' 

')'. ')' t 

1'b 

')' 
max 

.6 

E 

E 

0 

f-l 

p 

P. 
l 

pt 

Represents 

Soil element stiffness matrix 

Nodal force vector 

Sheeting element stiffness matrix 

Total stiffness matrix for all elements 

Global stiffness 

Nodal displacement vector 

Ratio of Young's modulus to initial vertical 
effective stress 

Ratio of undrained shear strength to initial 
vertical effective stress 

Spring constant in STRUDL analysis 

Shear strain 

Total unit weight 

Bouyant unit weight 

Maximum shear strain 

Symbol indicating finite increment 

Axial strain 

Axial strain rate 

Angle 

Poisson's ratio 

Settlement 

Initial settlement 

Total settlement 
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Symbol 

a 

a 

a 
C 

a • a _ _. a • a 
V V Z Z 

a vm 

a 
VO 

a 
VO 

a 
oct 

'T • T xy yx 

T 
oct 

Represent 

Normal stress 

Effective normal stress 

Consolidation stress 

Active effective horizontal stress 

Horizontal normal stress 

Initial total horizontal stress 

Initial effective horizontal stress 

Vertical normal stress 

Maximum past vertical consolidation stress 

Initial total vertical stress 

Initial effective vertical stress 

Principle total stresses 

Principal effective stresses 

Octahedral normal stress 

Shear stress 

Octahedral shear stress 

Friction angle 

Friction angle based on effective stress 
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L 8 Ft9. 2 3'. I Braced 3fof1c. Sll=ling 

O.lc:5" 8 0 0 4 9 0 . 7 

h'ydro- ZP38 
0./9 L9 Ftj 2. 3 . 1 f3rocecl sn:::,hc l5heet1~ 

O. li?:5" 80 /.0 

llydro • ZP 38 
o.,.t9 L 10 l',g. c'.3. I Broced stot/c Sheet'tn_g 

O. l i?5" 175 0.:5" 

tfyc/ro• 
L. II FtjJ,?. 3. I Broced 

.5tot',i::: 

ZP 38 

Sheet101 
O./c':5" 300 o.,t9 0.5 

/ J,Vhen 1i?/r10 / pore pressures ore hydrost'o r/c, 1,1/0l'er toble 1:, o r .9round .surroce 

R . Young's rnodu/LJS' zero or 3round .surtbce 

0/MENS'IONS /N FEET 

OCR W1dl'h rinol Tl,,c~ss 
of" o~plh or or so,/ 

e.rcovo· e,rcovo- lo~r 
/ion t,on 

I ,10 80 /00 

I ,lo ,/o 80 

I t/o 'l'o BO 

I <lo 50 70 

I ✓o ~o 70 

I "l'o ?0 70 

/ -lo ?0 1o 

e #0 50 70 

5 '-10 50 70 

/ '-lo 50 70 

I '-lo 50 70 

"FABLE 3./. I SUMMARY OF 1/YPUT VARIABLES LINEARLY ELASTIC ANALYSES 

-

Lenglh 
or 

wol/ 

70 

60 

60 

60 

60 

60 

60 

60 



I 
C.D 
C.D 
I 

TYPE OF WALL 

Bethlehem 
ZP3BS~t1ng 

3- root rh1ck 
concrete wolf 

TABLE 3.L/.I 

ARE.A OF MOMENT YOUNGS 
CRQ.5'.5' SEC'TIQIY OF INERTIA MODULUS 

PER .ll.N£4f1 FOOT PER LINEAR FOOT 

rr 2 ft"" hps/rt2 

-e 
7.7¥ xlO /, 35" X /0 

-2 
~17 x/0 

6 

5 
30 2.2:, i?.8 ,.. 10 

PROPERTIES OF WALL 



11'U N TYPE 
NUl'1!'JF /\' OF WAI_L 

OCR Ko 

ZP 38 

Bl Sheel1n_g I 0 .5 

ZP38 

f3 2 S h eet/r'9 2 0.7 

ZP 38 
B3 Sheel1ng 5 /.0 

ZP 38 
a ✓ Sheel1n9 25 2.0 

ZP 38 
85 Sheering I 0.5 

3 reef 

B6 s/urry Woll I 0 .5 

ZP 38 
Top 

2 0.7 30,r 
B7 Sheelrl?!J Bot: 

'>'Ofl I 0.? 

For oll runs : 

Gr✓d used is .shown in Figure c'. 3. I 

E-"covo//on supporl'ed by -I /eve/2;' or .srr<Jl'S. 

1./ndroined .slrer79l'h 

Conslonl / 
L✓/?eor 

with deprh wtlh oeplh 
Su /ops/rt<' Sw/rTvo 

0. 3✓2 

0.57 

0.9 

1.,/ 

0 . 3¥2 

0 .3./2 

053~ 

0,3,,/2 

Indio/ pore pressures hydro.srol'/c w ,.½ U/oler /'obk ol' 9r ... und surroce 
~ • 0.125 /ops/,tf_, _µ • 0.',/9 

E/~o • JOO wtfh zero ,-nodulus o/ ground /eve/ 

Yielded 1nodulus E 0
/ "vo = 0. 3 

W,dlh or e,;-covol'/on • ~ O .rr. Fino/ depl'h or e..-covol"/On • 50 rl' 
Lengl'h or' w ol/ • 60 rt 

I E)'cepl' 1n run B 7., Su• 0 o/' ground .surroc-e 

T/J/cf-nes~ 

or /o~r 

/I 

70 

70 

70 

70 

/00 

70 

70 

TABLE L/.3./ SUMMARY OF INPUT VARIABLES BIL/NEARLY ELASTIC ANALYSES 

. -
, 
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OCR 

Ko 

r= Su/'Tvo 

D 1n rt 

N 

/0 

22.5 

325 

1/c?.?° 

5'0 

~o 
Su 

I 

0.5 

0.3'-1-2 

167 

3.7? 

-,:L/2 

710 

B3e 

2 p 

0 . 7 I 

0.57 0.9 

STABILITY FACTOR N 

/.0 0.63 

22? IL./2 

3 .2? c'.0? 

4.25" 2.68 

~o 3.16 

l{ c Und weight or .soil • o. /R5" A-/p-,/r1J 

0 = Depth or cut 
Su = Undroineo' shear s'l-rengt/2 

25" 

2 

I. '-I 

o .L/1 

0.92 

132 

173 

2.03 

TABLE t..j_ 3. 2 DIMENSIONLESS NUMBER N 
FOR EXCA~i/ONS IN SOIL WITH PROPERTIES 

OF BOSTON BLUE CLAY 

-101-



OCR I e 5" ~ 

Ko 0.5 0.7 I c 

r • Su/~0 0.3'-J2 0.5"7 0 .9 /.'+ 

DEPTH 
OFC'UT Ne 0/B 
Din ff 

FACTOR OF SAFETY F= 
N Ne 

/0 3.30 p.50 8. 70 13.¥0 0.2-5' ?,? 

22.5" 157 262 L./15 8.1-/0 0.-56 59 

32--5" 11'-I 1 91 302 t/.7 0.81 6.2 

4'2-5 0.90 I Si 239 373 1 05 Gt.I 

50 0.78 130 c'.08 3eo 1 25' 6.? 

B = w ,dfh or cur r '-lo reet 

TABLE L/.3.3 FACTORS OF SAFETY AGAINST BASE FAILURE 
FOR E%CA!t4TIONS IN SOIL WITH PROPERTIES' OF 

BOSTON BLUE CLAY 
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I ...... 
0 
w 
I 

STRESS-
RUN NUMBER OCR Ko STRAIN 

CURVESUS'ED 

NI I 0.5" Ftg. 4'.2.4' 

Ne? 2 0.7 rig. ¥.2.? 

For both rL/nS : 

Grlo' used is .sholA/n in rigt./re c'. 3. I 
Excovotlon .support~d .by ",I /f"vels or sl'n..,l'.s 
ln/tiol pore pressl./~S hydrostofic w/lh wote-r 1b.6/e ot groL./nd .Sl./,"TOC~ 

~ ., 0.1.?5 hps/rtl' / ~ = o . .t/9 
Initial modulus E 0 /rvo • 7'-50 
Width or eKcovation • .t/0 fl 

Final depl'h or eKcovorlon ... :SO rt 
L engr/2 OT wall = 60 rt 
Youngs rnodL./lvs norrnolt"zed w/t/2 respect l'o CTv0 

TABLE ~i././ SUMMARY OF INPUT VARIABLES NONLINEARLY ELASTIC ANALYSES 



.SL/ Gf/TLV 

ORGANIC ORGANIC 

SIL7 SILT 

cM/s IS7 x /0-1 - 4' 
C_v c'Ox/O 

C.s 0.12 

Cc. 0.152 / 07 

eo o. 5'836 /9 L/./ 

OCR I l e 

<Tvn PSF c''/60 

TEST 
TEST SECTION B 

SECTION A 

SL/G'I-ITLY SLIGIITLY 
COMPRESSIBLE 

ORGANIC ORG'ANIC ORG4NIC 
LAVER 

SILT SILT SILT 

Lis AT ~ PSF / 630 21eo 13¥0 

~o PSF 1s-l/o E'060 1610 

TIIICKNESS OF 
COMPRe"S'SISLE 12 6 33.S 
LAYER /NFT, H 

TABLE 5_5J SOIL PROPERTIES FOR CONSOLIDATION 
SETTLEMENT CALCULATION 
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'.>'-

-------
...._ 
/ 

~ j:.;::': --
....__ 
V ~l!.y ~:r . 

FIRST STAGE EXCAVATION D= 10/t 

_, _ 
-=-_;,-• -

...... -
t:::"!:t :n:::t ~-
....... -1 ....... 

/ 

+4-:++H ,, 
' ,1.i 
::, I I• , ' ·-

SECOND STAGE EXCAVATION D= 2z.r;t-

:;~ - ....._ _v 
. 

'.> '- =1'---

r-....... 

' 'V l 
-1- ±l>t-·' ~++4- [C ;
1
_,1 ,• ,L __ 

THIRD STAGE EXCAVATION D= 32.slf 

---'":>+-+-1--+---le------4--1----4-----+-_J 
:>----
>-·- -..... 

::>r---+-+--+----l--+--1---4--------l--~ :::, ._~v 

r--... 
-.......J/ 

~t~H~'rt'-+-~-+-~--+----,f---+---+---+----l----J 
n , ~rfl 

FOURTH STAGE EXCAVATION 0 =42,sf~ 

- :::,~ -r-...._ 

:;~ =v - '.>'--
- 1 

~ 

I st= V .-., :::+- - I'---.. 
/ 

fHHIBr 
, , 
/[ l ii 111 11 

FIFTH S TAG E EXCA VA TI ON D = soft . 

FIGURE B.3./ SEQUENCE OF EXCA~TION AND 

STRUT INSTALLATION IN EXAMPLE STUDY 
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Moss to be removed 

Moss to be 

removed 

o) FIR.ST STAGE 

>>)(\V>J 

b) SECOND STAGE 

Stress to 

releo.sed 

Stress to be 

released 

FIGURE 2 .3.2 SIMULATION OF EXCAVATION PROCESS 

-107-



y 
----► tyx 

Txy 

•0x l ► '7"x 

1'xy 

1'yx -◄---

X 

0 

FIGURE 23'.3 SIGN CONVENTION FOR POSITIVE 

STRESSES' IN FINITE ELEM£NT ANALYSIS 
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\ )\ '\ I\ J 

~~---+-4-+-+---it-+-+--1 -
L-Ji-..L.--&......L........__ ......... ~--- ~ 

.././ 00/ ../../ 0.9 
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" ~ 
~ 

1. ~-----+-- ----+--------+-------

/. 2 

No overoging or .stre.s.se.s
olong verricol t"oce 

Moven,enr or 
I 
I P~nl' B 

7 

/0t---------t-----+--------+-------- ------~ 

Cx---------------
Movernenr or 

0.8 Grtd A 
(See f-✓-gure c'.3.'-1-) 

Point C 

B 

~ 0 .6 

" 
" I ~ 
~ 0.4' 

1 -s: 

~ 7 
~ o.c ~ 

0 
~ 
" ~ 
~ 

f 

0 
I l,t 

NUMBE!i' O,C LIFTS OF EXCAVATION 
'-
C: 
ct, 

o.2 ~ 
~ 
~ 
qJ 

Cl) 

o.~ 

l 
FIGURE E'.J.? INFLUENCE OF NUMBER OF L /FT£' OF 

EXCAVATION ON VERTICAL MOVEMENTS OF OPEN CUT 
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-)(~ 
c.O--- - --.----Xce---------.----------------, 

I. 8 

HDnzonto/ Mox horizontol 

verf/col 

1. 6 

1-.... 

~ l( /. ~ 

~ .S 
~ 

1-.... ~ X 

~ /. 2 ~ 

~ ~ 
Ill 

~ e ~ 
/.0 ~ '-.J 

~ ~ 
~ 
~ 0.8 

~ 

0.6 

04 

0 .2 

C 
X 

Grid A 
( See r'tgure 2. 3. 4) 

No overo91ng o-r srres.se.s 
o/ong verr1col t"oce-

0-----------------------------___, 0 I 2 4 
NUMBER OF LIFTS OF EXCAVATION 

FIGURE 2.3.6 INFLUENCE OF NUMBER OF LIFTS OF 

EA'CAVATION ON HORIZONTAL MOVEMENTS OF OPEN CUT 
-111-
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80 

70 

60 

30 

t?O 

10 

{) 

/)JJJ>>>> 

Hor/zontol 1if-J°-a °1'1-
/T?Overnent 

11J / ,l/ . f f ~ 
1, 1 1 / ! l ! I 

'l /_J,__ ___ i_~_ ~ '\ 
fV / I I I 

XO • "0 D 'j' / / I I \ I J(O ' ,CO 0 
lJ a ' 1 b \ 
JL} f? f ·1 rr 01 

1· f i , 
,co b JC o a ' 

t! ' I A ~ d I 
_\'a_/ i-'o r . 
Vr(1 ( \ f ~ I 
' r . o, r 1· 

~,~ 0 \ 
,c, ,cOa • 

1/ ~~ .J J. I J 
1/ I,};_~ 

V~IC'OI 

n,ov~ent 

-~ A 
\ / No averogtng or stresses 

--- JI JC - across ve-rl1co/ race 

GndB 

I 
~ Ii x-x-

I lt'f"t 
2 11rfs 

o..-o-
(See f"rgure 2 .3 .1./-) 1\ il a- a- B /1rts 

---- 151✓-rts 

Upward Toward e..t-eovot1CY1 

.6 -~ . 2 0 .2 . . I/ .6 

MOVEMENT IN FEET 

FIGURE B. J. 7 MOVEMENT OF VE~TICAL FACE OF 

OPEN CUT NO AVERAGING 
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80 

70 

60 

20 

10 

0 

HORIZONTAL j 7 p '? 
MOVEMENT ,. <l ii o VERTICAL MOVEMENT 

! Ji t J 

Botfotn;> 
;;;;;;; 

1 ' ~ I I I 
-x-x-
-o-o-

I krl 
2 /irfs 

~ltrts ;I-, ---+---- f -
r r 1 , 

,c o ,c o Avero91n9 or stresses { 1 k i across verlicol roce 

"0 ~-\, - ~ 

// 1 J, i 
I I I I 

X O >< 0 
I I I I 
" 0 X 0 
1-'o 1-f~o 
\ ol \ I 

)( 0 
\ \ II 

)( 0 

\ I' I 
~ o I ~, ; 

--- ~ - -+---·"""-)( 0 ,~J 
J J, 

t-----+-------+--+----1---------4-1!! 
JI 
ii 1-----+-~-------+-i 

0 

f-----+---~ /J----... 
I 

0 

Upi,vord 

. 6 -~ .E? O .2 .£/ .6 

MOVEMENT IN FEET 

_ Gn dB 
( See rtj;ure 2. 3'. ,.,t) 

FIGURE B.3.B MOVEMENT OF VERTICAL FACE OF 

OPEN CUT - AVERAGING 
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0.8 
~ 

~ 
l( 

~ o.61--~:=:::~~-=-=--=-===-_ _ __ MoxirnL1m movement-
" I - -x- . of" verticol f"oc-e 

~ I --...,,, § ---x_ 
~ ·, 

~ o.4 ~ . I 

~ 8 
~ ~ 

I ~ 
~ ~ 
t < 

0 
0.2~ ~ 

~ 
~ 

', 
0...._ 

.................. Movement of" C 

Dep//2 or e xcovot/on c "-10 fl 

No averaging occross
verft"col roc-e 

Averaging occross 
vertica l r"oce 

~ 
~ 
~ 

0 I ; k ~ a ==-=- -..::.::::::::: 1 J 
~ -~ 

o.e 

~ X 

~ 5' () 
~ ~ 
': QJ 

NUMBER OF LIFTS' OF EXCAVATION 

C 

J . Gr,d8 
. (See rtjur~ ?. :5. '-I) 

FIGURE 2 .3.9 HORIZONTAL MOVEMENTS OF OPEN CUT WITH DIFFERENT 

METHODS OF STRESS RELEASE 



r--
1.2 

~ • - &= - - -A.;;-~---· 

f-.... 

Movernent of' B 

~- - - - -------------------------- -, 

Depth or e.xcovorion - Lio rt 
No overoging occross 
vertical roce 

~ 10 

~ 
~ 

C 

J·--G-r-,d-B--
·---- Avero9in9 occross 

vertical roce 

" 
~ 
~ 

I °S 
I--' () 

~t 
I 

-.J 

0.8 

1 
~ 

06~ 2 
~ 

. (See f"tgure t?.3. 'f) 

G 
K o.LI~ r--t----t-- Movement of" C 

'S 

02 t-------+-- - - -- ---- ·-------- ------- - +---- ---- ----------~------· 

O I 2 'I 8 16 

NUMBER OF L IFTS OF EXCAVATION 

FIGURE 2 .3.10 VERTICAL MOVEMENTS OF OPEN CUT WITH DIFFERENT METHODS 

OF STRESS RELEASE 



v1.z. ON VERTICAL FACE OF CUT /N tfips/ rt2 

7 6 I I ,2 J 6 7 

In rront ol' cuf 

~ //f"fs 

Behind cut 

>< - >< - 2 11rts 
o o o / lif"t 

Avero9in9 ocross 
verticol roce 

1---- -10 

Verr1col 
roce 

_ Gnd B 

(Se>e r;j:;ure t?.3 . ../-) 

10 -----+------+-----+ 

0 _ ___ ...__ ___ _.__ ___ _.__ __ _ 

8 

FIGURE c'.3.11 VERTICAL STRESS ON VERTICAL FACE 
OF OPEN CUT 
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~ ON VERTICAL FACE OF CUT, hps/ rl 2 

6 3 2 I 

In rront or cut 

t/ 1/f"fs 

><-,.. - 2 11/ts 
oo o II/ft 

Averaging ocross 
verticol· Toce 

,Lf~:~~r 
~ 

\ 
X 

I Gnd B X 

(See ;F;gure 23.~} I 
)( 

I 
l 

)( 

I 
.I( 

,1 

Vert1col 
roce 

¥0 

.30 

f?O 

/0 

0 

0 I 2 .3 6 

Behind cut 

FIGURE 2 . 3 ./B HORIZONTAL STRESS ON VERTICAL FACE 
OF OPEN CUT 
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fxy ON VERTICAL FACE IN ,f-ps/ r1 2 

2.'/ 2.2 20 1.8 16 /JI /. i? /. 0 0.8 0.6 0.LI 0 .2 0 0 .i? 0 . ..J 0.6 0.8 10 l.c' 1¢ 1.6 /. 8 20 i?.2 2 .,,t B.6 
I 

I lift 
)(-)( - c ldls 

o o o '-I 1/fts 

Avero9in9 ocrOS's 
IAl!!!rficol f"oce Verltco/ 

foc-e 

" ~ 
~ 

~'o, 
70 l:--.,. ;-o 

0 

60 

' " 0 

'' "Q..--... ---::::-
- - - - ,_-:;-_;o 0 / - - ---1------.... / 

,°'Vo, I 

Note : Dif"f'erence 1n scole 

GndB 
(.See r9ure 23.t..f) 

\ a--1--
""' --
.\...- _,__ - I -Q("" x- 1 .... - ~,, =--=:::.:.o_ -+--

, 0 

~l6_T7 
282~.l. 

£,8,~~~rn 
~ ~ " ¥0 ~ I ~0- WWW - - -t --t----~-=-~---=-~ i:: 1 __ -1-
~ ~--- - - - -

I ...... ...... 
0:, 

I 

~ 
~-,l I 

",:-.. 0 

4.i 30 
~ 

~ 
~ 

cO--------+---

-- -- 10 ~ ----+---- ,-+------+--

~-------+.- - - ••- --- L - 0 -~ - ---- ··- ---

FIGURE B. 3.13 SHEAR STRESS ON VERTICAL FACE OF OPEN CUT 



.2 0 

Ven'/·col 
thee 

FACE IN A-;,;os/rrc> 
.c' .4 .6 .8 1.0 12 1.4 16 /.8 20 c?.2 2¢ 26 

I lift 
)(- x - ti lif'tsJ overo91'ng across 

verticol race 
o - o - o ~ /tf'fs, no overogin9 oe,ross 

vertical loce 

□ - □-□ 16 /dis, no overoging across 
vert1COI tbce 

201------t----

m - ---~-- ~de 
1 

(

1'-+---- +----__,__---;::::·-:----,---'--~ -----

(See rij;ure 2.3.'+) I 

0 ~·----~-------- _J . ------+---- --~--

FIGURE 2. 3 ./',/ SHEAR STRESS ON VERTICAL FACE OF 
OPEN CUT WITH DIFFERENT OF METHODS OF STRESS 

RELEASE 
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I 
I-' 
ts., 
0 

u; ON VERTICAL FACE /N A-~s/ r t 2 

. 2 0 .2 , ,,,t .6 .8 1. 0 /.2 /. -'I /.6 /.8 E'.O 22 2'-1 26 28 3.0 J.2 J.",I 16 3..8 4/0 
, , , , I I ' ' I I I 

I l!ff 

o- -o 4 k f"fs 

)(---x 8 l1rts 

a---D 16 l/rts 

' I I I 

No aver aging a cross verticol race. 

-
- - §0 ~;::::;::::;;;=+---= - 0 o:::: ~ 1-t-+-+----+--L 

0 

_ x'a\ 

40 ... ~:::m D""""'-='X . :t--... IO . 
~D ~,c 

30 .---+--- ID Y✓)(~ , - ---..::-:. 

---1--------+----+---- L- D x10( ~~ 
D >< 

Gn d B '--...._'-..... ""' 

20~ ( See f>_gur e B.3.'-l) r - - ·-+---- 1 ~'O 

/ 0 ~ J . ... . .... .. ___.___J --
-- ·- - - ---- ---- -

FIGURE 23.15 HORIZONTAL STRESS ON VERTICAL FACE OF OPEN CUT WITH 
NO AVERAGING 
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Mas s a chusetts Institute of Technology 
De partment of Civil Engineering 

Soil Mechanics Di vision 

PROGRAM BRACE II 

Date: December 1970 

Modified : February 1972 

Lang uage : F ORTRAN IV (G Level) 

Programmer: J. T. Christian and I. H. Wong 

Modified by: W. E . Jaworski and J. T. Christian 

I. DESCR IPTION 

BRACE II is a finite element program for analyzing braced 

excavations. It models excavation and bracing construction stages 

which include prestre ssing of struts and sheeting displacements due 

to th e d e formation of shims. 

Problems are restricted to plane strain conditions. Con

st ant st rain triangles or quadrilaterals represent the soil mass. The 

sheeting is repret:;ented by one-dimensional bar elements. It is 

assumed that struts are installed horizontally and their deformations 

a re neglec t ed . Excavation stages are simulated by spec ifying soil 

e l eme nt s a nd associated nodes to be removed. 

Material properties for the soil may be considered as linearly 

or bilinear ly elastic and isotropic or anisotropic. Yield moments can 

be s pecified for the sheeting. The program performs a linear elastic 

incremental load analysis fo r each construction stage. Total stress 
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analysis is used and pore pressures are evaluated on this basis. In

compressible materials cannot be specified. The program computes 

for each construction stage the strut loads, sheeting forces and soil 

stresses and deformations. 

II. PROGRAM CAPABILITIES 

The following restrictions are placed on the size of problem 

which can be input. 

Nodal Points 

Elements 

Soil Types 

- 290 

- 260 

- 20 

Strut Sizes 2 

Sheeting Elements - 2 5 

Soils must be input as layered systems. Initial stresses can 

be input for each element or generated by the program. 

Plotted output can be obtained from a modified version of 

CNTRPLOT available at the Soil Mechanics Division, M. I. T. 

Computer running time depends on the band width of the 

global stiffness matrix. For typical problems the running time varys 

between 1. 0 and 1. 7 5 minutes per load increment at each excavation 

stage and . 25 to l. 0 minutes per bracing stage, the greater time 

resulting from specifying a prestress. 

III. INPUT DATA FORMAT 

A. Title Card - Format (18A4) 

Any title or comment in card columns 1 through 72 will 

be reprinted at the top of the output. This card must 

be provided. 
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B. Control Card - Format (2015) 

This card contains control information for the program 

as follows: 

Card Column 

1 - 5 

6 - 10 

11 - 15 

16 - 20 

21 - 25 

26 - 30 

31 - 35 

3 6 - 40 

Information 

Number of Nodal Points in original 
configuration of problem before 
excavation 

(NUMNP) Maximum = 2 90 

Number of Elements in original con
figuration 

(NUMEL) Maximum = 260 

Number of soil materials 

(NUMMAT) Maximum = 20 

Number of strutting materials 

(NMSMA T) Maximum = 2 

Number of sheeting element 

(NSHEET) Maximum = 2 5 
If NSHEET = 0 Omit Piling Material Card 

Gravity Stress Indicator (IGRA V) 

If IGRAV = 0 initial stresses are set 
equal to O. If IGRA V = 1 initial 
stresses are calculated from )' and 
K from Card D-1 

0 

Excess Pore Pressure Indicator (NPOREC) 

Put NPOREC = 1 if excess pore pressures 
due to total stress changes are to be com
puted for any one or all layers 

Initial Pore Pressure Indicator (NPORE) 

-1 hydrostatic initial pore pressure 

0 no initial pore pressure 

1 nonstatic initial pore pressure 
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41 - 45 

46 - 50 

51 - 55 

56 - 60 

61 - 65 

66 - 70 

71 - 75 

75 - 80 

Plotting Indicator (IP LOT) 

!PLOT should be * 0 even if no plot is 
to be generated before excavation is 
initiated (see Instruction Card). 

Surface loading card (ILOAD) 

ILOAD = 1 surface load present before 
excavation and before sheeting is dri ven. 

Deformations due to these surface loads 
will not be superposed to deformations 
after sheeting is driven. 

!LOAD = 2 surface load present before 
excavation and after sheeting is driven. 

Settlement Indicator (ISET LE) 

If ISET LE * 0 Parameters needed to 
compute I D settlement or heave due 
to dissipation of excess pore pressure 
will be read in. 

Anisotropic Strength Indicator 

Set NDELSU = 1 for card E 1 to be read in. 

Soil sheeting Interface Card. If NADD > 0 
slipping between soil and sheeting is 
allowed. 

Number of load increments (NLDINC) 

NLDINC should be ~ 1. 

At each increment the load applied will 
be total load/ NLDINC. 

Capillarity Indicator (ICAPIL) 

If ICAPIL =I 0, capillary pore pressures 
will be considered in calculating effective 
vertical stresses. 

Nodal Point Update Indicator (IUPDAT) 

If IUPDA T > 0, nodal coordinates are 
updated. 
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C. Piling Material Card - Format (3Fl0. 0) 

Omit if NSHEET = 0 

Card Column 

1 - 10 

11 - 20 

21 - 30 

31 - 35 

36 - 45 

Information 

Young's Modulus, E 

Moment of Inertia 

Cross Section Area 

(IVSC) Axial Stiffness = 0 if IVSC = 1 

Sheeting Yield Moment (YMOM) 

If YMOM = 0 the sheeting has no 
rotational stiffness. 

D. Soil Material Cards - Format (15, F5. 0, 3Fl0. 0, 2F5. 0, 
2Fl0. 0, 2F5. 0) 

One card per soil type from number (one) to a maximum 
number of 20. Cards to be input sequentially. 

Card Column 

1 - 5 

6 - 10 

11 - 20 

21 - 30 

31 - 40 

41 - 45 

46 - 50 

Information 

Soil Number 

K 
0 

Unit Weight, r' 

Young's modulus in the Vertical 
Direction, E 

V 

Young's modulus in the Horizontal 
Direction, Eh 

Poisson's ratio from Vertical to 
Horizontal. v VH 

Poisson's Ratio from Horizontal to 
Horizontal, V 

HH 
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51 - 60 

61 - 70 

71 - 75 

76 - 80 

Blank 

Cohesion, C or undrained shear strength 
when the major principal stress is vertical 
(S ) 

UV 

Friction angle, <j> 

Yield Factor 

Note s: If EH is input as zero, an isotropic material is assumed 

with E = Ev• and v = vvH· For anisotropic soils the 
modulus for an element is a function of the angle (0) 
between the major principle stress and the vertical 
plane and is taken as 

E. Material Properties - Second Set - Card (15, 5X 5Fl0. 0, 512) 

If (NPOREC -4 0) this set of cards will be read in. One card 
per soil type from number 1 to a maximum number of 20. 
Input cards sequentially. 

Card Column 

1 - 5 

5 - 10 

11 - 20 

21 - 30 

Information 

Information 

Blank 

Shear strength when major principal stress 
is rotated 90° (Suh) 

Shear strength when major principal stress 
is rotated 45° (Su

45
). If left blank: 

1 
su45 = 2 (SUV+ Suh). 

The shear strength Sue of an element is 

dependent on the angle 0 between the major 
principle stress and the vertical plane. An 
elliptical strength variation is used (Davis 
and Christian, 1970) in the program. The 
equation describing the yield criterion is: 

2 
a -a S -S 2 2 2 ( y X - UV uh) + 'T a = a 

. 2 2 xy ~ 
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31 - 40 

41 - 50 

51 - 60 

61 - 62 

63 - 64 

6 5 - 66 

67 - 68 

69 - 70 

where b/a = 

a = 

vS Sh 
UV U 

s +s 
uv uh 

2 

Henkel pore pressure parameter a. 

a is a constant 

.:6. U = .6.CT + a.6.T 
oct oct 

Blank 

Yielded Poisson's ratio 

Modulus Indicator 

1 Modulus normalized with respect to CT 
V 

0 Constant modulus with depth 

1 Modulus normalized with respect to CT t 
oc 

Strength indicator 

1 Strength normalized with respect to a 
V 

0 Constant with depth 

-1 Strength normalized with respect to CT t 
oc 

Pore Pressure Curve Indicator 

1 Henkel parameter a will be a continuous 
function with maximum shear strains 

Yield Poisson's Ratio Indicator 

1 Bulk modulus computed using yielded 
Poisson's ratio 

0 Bulk modulus constant during shear 

Anisotropic Strength Indicator 

If zero, isotropic shear strength is used 

for that material 
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E. l Nonuniform Henkel Parameter Card - (215, 2Fl0. 0) 

If column 65 - 66 in Card E is nonzero, the following set of 
cards will immediately follow that card for that material. 

Card Column 

1 - 5 

6 - 10 

11 - 20 

21 - 30 

Information 

Number of data points of maximum shear 
strains to be read in. 

Number of data points of Henkel's pore 
pressure coefficients a to be read in. 

Constant Henkel's pore pressure coef
ficient a. 

Maximum shear strain beyond which 
Henkel' s coefficient a is constant. 

F. One-Dimensional Settlement Card (15, 5X, 5Fl0. 0) 

If Column 51 - 55 (ISETLE) ::#: 0, the following cards must be 
supplied, one for each material. 

Card Column 

1 - 5 

6 - 10 

11 - 20 

21 - 30 

31 - 40 

41 - 60 

Information 

Soil Number 

Blank 

Void Ratio at Cf_, of Layer 

Virgin Compression Index 

Compression Index in O - C range 

Effective stress at Cf_, of Layer 

G. Strutting Material Card - Format (15, 2Fl0. 0) 

If no strutting material is desired, NMSMAT should be set 
to zero and this card may be omitted. No more than two 
types of strutting can be used. 

Card Column 

1 - 5 

6 - 15 

16 - 25 

Information 

Material Number 

Young's modulus 

Cross-sectional area 
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Ir. Nodal Point Cards - Format (15, F 5. 0, 4Fl0. 0, 15) 

Cards s hould be input in increasing order of number of 
nodal points. If cards are omitted, the nodal points will 
be generated along a straight line between the two points 
before and after the omitted ones. All such generated 
points will be unrestrained and will have no load on them 
except as caused by gravity stress and excavation or 
bracing. 

C ard Column 

1 - 5 

6 - 10 

11 - 20 

21 - 3 0 

3 1 - 40 

41 - 50 

51 - 55 

Information 

Nodal Point Number (N) 

Loading Code: 

Code 

UX(N) is a force 
0 

UZ(N) is a force 

UX(N) is a displacement 
1 

UZ(N) is a force 

U X(N) is a force 
2 

UZ(N) is a displacement 

\U X(N) is a displacement 
3 

luz(N) is a displacement 

X coordinate (X (N) ) 

Z coordinate (X (N) ) 

UX(N) if necessary 

UX(N) if necessary 

KOD If =I- 0, all generated succeeding 
points will have the same code. 

I. Soil Element Cards - Format (615) 

Cards should be input in order of increasing element number. 
If c ards are omitted elements will be generated by adding one 
to e ach of the nodes of the preceeding element. Material 
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numbers are kept constant in the generation. The last 
element must be input. 

Card Column 

1 - 5 

6 - 10 

11 - 15 

16 - 20 

21 - 25 

26 - 30 

Information 

Element Number (M) 

Node Number I 

Node Number J 

Node Number K 

Node Number L 

Material Number 

Note: :Nodes must be numbered in a rotational order from the 
positive X to positive Z (axes). i.e., counter clockwise 
for the usual convention of Z positive upwards and X 
positive to the right. Triangular elements are des
cribed by making K = L. The maximum difference 
between nodes for any element must not exceed 2G. 

J. Sheeting Element Cards - (615) 

If NSHEET = 0, omit this card. 

Card Column 

1 - 5 

6 - 10 

11 - 15 

Information 

Element Number 

Nodal Number I 

Nodal Number J 

Intermediate Element Cards will be generated. Only end 
Cards need be input. Maximum allowable difference be
tween first and last sheeting node number is 26. 

K. Plot Control Card - Format (12, F9. 4, F5. l, 6F8. 3) 

This card is used only if plots are requested. 

Card Column Information 

1 - 2 Integers 1 011 
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3 - 11 

12 - 16 

17 - 22 

23 - 28 

29 - 34 

35 - 40 

41 - 46 

47 - $2 

53 - 58 

Blank 

Distortion Factor for displaced mesh, 
DMESH. Displacements are multiplied 
by this factor to obtain an exaggerated 
plot. 

Vector scale factor for principal stress 
plots, SP LOT. Value is length of 
largest vector in grid units. 

Delta Sigma X contour plot code 

Delta Sigma Z contour plot code 

Tau XZ contour code 

Tau maximum contour code 

Maximum shear strain contour code 

Excess Pore Pressure contour code 

The contour codes are interpreted thus: 

59 - 64 

65 - 70 

Total Sigma X contour plot code 

Total Sigma Z contour plot code 

0. or blank - no contour plot desired 

Positive - value is the interval between contours 

Negative - value is the number of desired contours 

The plotting program will find a suitable, even interval. 

After these cards are read the computer sets up the pro
ble m and solves for any initial loads, displacements or 
s tre sses. The following input can follow: 

L. Grid Re duc tion Card - (2Fl0. 0) 

To r e strict the contours to region of interest. Omit if no 
plot i s wanted. 

Card Column 

1 - 10 

11 - 20 

Information 

Extreme Left X- coordinate of grid 
to be shown 

Extreme Right X-coordinate of grid to be 
shown. 
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M. Pore Fluid Card (2Fl0. O) 

If NPORE (Column 36 - 40, Card B) is -1, this card must 
be supplied. 

Card Column 

1 - 10 

11 - 20 

Information 

Depth to water table below ground sur
face as a positive number 

Unit weight of water 

Or if NPORE is 1. the following card must be supplied. 

Card M-1 (15. !PE 12. 4) 

Card Column 

1 - 5 

6 - 17 

Information 

Element number 

Pore Pressures 

Card M-1 must be repeated for every element for which 
there is non-zero pore pressures. 

N. Layer Thickness Cards - Format (8Fl0. 0) 

These cards are used only if !GRAV is not zero, that is, if 
initial stresses are to be calculated. Each card contains 
up to eight numbers. each of which describes the thickness 
of one layer of soil. The layer numbers correspond to the 
soil material numbers on cards D-1 and E-1 and must 
increase with decreasing depth. Thus. soil 1 is the top 
layer, soil 2 the next and so on. A maximum of three 
cards may be needed to describe all twenty permitted 
layers. The first would read: 

Card Column 

1 - 10 

11 - 20 

21 - 30 

and s o on. 

Information 

Thickness of soil 1 

Thickness of soil 2 

Thickness of soil 3 
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O. Instruction Card - Format (18A4) 

a. 

This card must have one of the following five sets of charac
t e rs in card c olumns 1 through 4: 

This signals end of problem, if the next four 
columns also contain '**>:<* 1 execution ends. 
Othe rwise a new problem is read starting with 
card A. 

b. ' EXCA' This means excavation will occur as described 
unde r cards P through T below. 

c . 'BR AC I Thi s means bracing will occur as described 
under cards U and V below. 

d . 1 LOAD' This means new surface loads are input. 

e . 'STLE' This means 1-.b settlement or heave will be 
calculated due to dissipation of excess pore 
pressure. 

P. Excavation Control Card (815, 2Fl0. 0, 15) 

Card Column 

1 - 5 

6 - 10 

11 - 15 

16 - 20 

21 - 25 

2 6 - 30 

31 - 35 

Information 

Number of elements to be removed 

Number of nodes to be removed 

Number of new surfaces exposed by 
excavation (one surface per e leme nt 
exposed) 

Plotting indicator for new configu
ration, IPLOT 

Highe st degree of polynomial us e d for 
e xtrapolating stresses at sheeting sur
faces. The maximum permissible 
value is the number of elements in a 
horizontal row to be removed minus 2 
(set = 1 for first 'EXCA') 

Number of Load Increments (> 1) 

Element number for the corner element 
between old surface and sheeting 
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36 - 40 

41 - 50 

51 - 60 

61 - 65 

Highest degree of polynomial used for 
corner element. (Cannot exceed the 
value in cc 21-25 above). 

Z-coordinate above which slipping be
tween sheeting and soil occurs. If 
NADD = 0 leave blank 

Normalizing factor for plots. 

Output control. If > 1 results for 
each load increment output. If blank 
only results from final load increment 
output. 

Q. Elements Removed - Format (815) 

Numbers of the elements to be removed are listed, up to 
8 per card. As many cards as are necessary are used. 

R. Nodal Points Removed - Format (815) 

Numbers of the nodal points to be removed are listed, up 
to 8 per card. As many cards are used as are necessary. 
If no nodal points are removed the card should be omitted. 

S. New Surfaces Exposed - Format (215) 

Card Column 

1 - 5 

5 - 10 

Information 

First node 

Second node 

Repeat S for each new surface. 

T. Boundary Cards - Format (1615) 

These are needed only if plots are requested. The number of 
nodes at the end of straight lines on the boundaries are listed, 
16 per card, on as many cards as needed, up to IPLA T nodes. 
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Cards P through T should follow the 1EXCA' card. The pro
gram will solve for the effects of excavation, print output, 
and read the next card 0. 

U. Bracing Card - Format (215, FlO. 0, 15, FlO. 0, 215) 

Card Column 

1 - 5 

6 - 10 

11 - 20 

Information 

Node at which strut is installed 

Strutting material number 

Prestress in bracing program com
putes pre load for strut. Input stress 
in positive direction as negative value 

+z 
Input stresses as a 

X ~ 
d 

I=:' Input stresses as - ax 

~ - )j 

21 - 25 

26 - 35 

36 - 40 

41 - 45 

I~ 
+~ 

Plotting indicator,. as in 16 - 20 for card P 

Crushing of timber wedges at % of move
ment already occurred at strut level 

Load Increment (:::: 1) 

Output control. If set > 1 results for 
each load increment output. If blank 
only results for final load increment 
output. 

V. Boundary Card - Format (1615) 

These are nee de d only if plots are requested and are identical 
to card T. 

Cards U and V should follow the 1BRAC 1 card. This program 
will solve for the effects of the bracing, print output and read 
the next card 0 

If "load" in card 0, cards W and X will be read in. 

w . Loading Control Card - (15) 

Card Column Information 

1 - 5 Total number of nodes subject to 
external loads 
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6 - 10 

11 - 15 

X. Loading Cards 

Card Column 

1 - 5 

6 - 10 

31 - 40 

41 - 50 

Plotting Indicator as in CC-16-20 for 
card P 

Number of Load Increments (NLDINC) 

If NLDINC = 0, only the nodal codes are 
changed. 

Information 

Node number 

Nodal Code 

UX(N) 

UX(N) 

See Card H 

As many cards are needed as number of loading points. 

If 'STLE 1 in card 0, the following cards will be read in. 

Cards Y-2 - (1615) 

Element numbers in a string which contribute to heave of 
settlement. As many cards as needed. 

Cards Y-3 - (15) 

Card Column 

1 - 5 

Cards Y-4 - (1615) 

Information 

Total number of nodes in a string 
which heave or settle. 

Node numbers in a string which heave or settle. As many 
cards as needed. 

Hardware Requirements 

The program required that scratch discs or tapes be set up 
on logical units 8, 11, 12 and 13. If plots are desired the 
required data can be written on data set reference number 7, 
as described by Job Control Language (JCL) cards or the 
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r e quired cards punched. The program requires 450K 
byte s of computer core. 

Recommended JCL cards for the 370-Ml55 IBM com
puter at the MIT Information Processing Center are 
as follows: 

/ / 'Name', CLASS=B, REGION=450K 
j::,MITID USER =((MMMMM, NNNN) 
/ '~ SRI 
/':' MAIN TIME=TT, LINES=LL, CARDS=CC 
/ / c. SYSIN DD ,:, 

SOURCE DECK 
/ ,:, 
/ /G. FT08F001 DD UNIT =SYSDA, SPACE=(816, (1200, 200)), 
// DCB =BLKSIZE =816 
//G. FTllF00l DD UNIT=SYSDA, SPACE=(l280, (600, 100)), 
// DCB =BLKSIZE =l280 
// G. FT12 F 001 DD UNIT=SYSDA, SPACE=(0312, (034, 010)), 
// DCB =BLKSIZE =0312 
/ /G. FT13F001 DD UNIT=SYSDA, SPACE=(0560, (110, 030)), 
I I DCB =BLKSIZE=0560 

; ,:, 
Whe r e 

DATA 

MMMMM = Problem Number, NNNN = Programmer Number 

TT = Maximum time to run problem 

LL = Maximum lines of output, thousands 

CC = Maximum cards output, hundreds. 
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APPENDIX I-B 

DETAILS OF ONE-DIMENSIONAL BAR ELEMENTS 

USED FOR THE SIMULATION OF WALL 
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This appendix describes the details of the one-dimensional bar 

e l e m e nts used for the simulation of the retaining wall. 

X 

x, y is the global coordinate system. 

x, y is the local coordinate system. 

F igure B-1 Arbitrarily Oriented Element 

For an arbitrarily oriented one-dimensional bar element (Fig. 

B -1) carrying combined bending and axial loading, the element stiff

ness matrix [S] is as follows: 
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S] = E 
L 

ul vl u2 v2 0 
1 

2 121 2 12! 12! 2 2 12! 6! 
2 µ + AA (- -A)Aµ -(-µ+AA) -(- -A)Aj.J. 

2 2 L2 Lµ L 

where 

L L 

12! A2 A 2 12! 2 -(12! A2 +Aµ2) 61 
2 + µ -(- -A)Aµ ) 

LA 2 2 
L L L 

?2I µ2 +AA2) (12! -A) AI.J. 6! 
2 2 Lµ L L 

12! 2 2 61 
-(-A+Aµ) 

LA L 

4! 
Symmetrical 

µ = cos 0, A = sin 0 

A = area o'f cross section of element 

E = Young's modulus of element 

L = axial length of element 

I = moment of inertia of element 

u and v are the translations in the x and y directions and 
6 is the rotation 

Subscripts 1 and 2 refer to the nodes. 

For a system of m bar elements the total stiffness [H] is 

m 
[H] = ~ [S] 

1 
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The equilibrium equations for the system of m bar elements 

involve 3 (m + 1) equations and are written in the following partitioned 

matrix form: 

I 

qt Htt 
I 

Htr ut I 
I 

= ------l-----I 

q Hrt 
I H u 

r I rr r I 

where (q) is the nodal force vector and (u) is the nodal displacement 

ve ctor . The subscripts t and r represent respectively the trans

lati onal and the rotational degress of freedom. [Htt] has a "half

band11 width of 4 and [H ] has a "half-band" width of 2. 

where 

and 

rr 

Equation B. 1 may be written as two matrix equations or 

(q ) = [Ht] (ut) +[H, ] (u) 
r r rr r 

Eliminating (u ) we get 
r 

[H ] [H ] - [Ht ] [ H ] - l [Ht ] 
tt = tt r rr r 

-1 
(qt) = (qt) - [Ht ] [H ] [q ] 

r rr r 

Now [H ] is a fully populated 2 (m + 1) x 2 (m + 1) matrix. It is 
tt 

the statically condensed stiffness matrix expressing the stiffness 

of the wall in t erms of the translational degree of freedom. 
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In the finite e lement computer program BRACE the stiffness 

matrix (T] for the complete system of n soil e leme nts and m wall 

e lements is given by the summation 

n 
(T] = :E (K] + [H ] . 

1 tt 

Note that in Chapter Two [SH] is used to represent the t otal 

stiffness matrix of the wall both before and after st ati c conden

sation . 

The computer program BRACE contains an option through whi c h 

th e stiffness of the wall element in the axial direction is redu c ed to 

the initial modulus of the soil element adjace nt to it if the soil element 

has yielded. In this way slippage betwee n soil and wall is considc~r e d . 

It is not possible to assess at this stage the effect of the la c k 

of compatibility between a wall element and a soil e lement on the 

accuracy of the solution obtained. This is a topic for future inve sti

gation. 

Haliburton (1968 ) analyzes retaining walls using the finite dif

fe renc e method and the theory of beams on elastic foundations. His 

method of analysis considers the nonlinear stress-strain res p ons e 

of the soil. However, its application to braced excavati on problem s 

is restricted as it does not simulate excavation and strut installati on 

in a s e quential manner and doe s not solve for the movements of the 

soil adjacent to the excavation. 
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APPENDIX I-C 

ESTIMATION OF SOIL PARAMETERS USED FOR THE 
PREDICTION OF THE PERFORMANCE OF TEST 

SECTIONS A AND B MADE BY BRACE 
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I'll is appendi x l~xplains how the soil parameters used for the 

pr l· lHction of the pe rformance of Test Sections A and B made by 

BRACE we r e e stimate d. These parameters are shown in Fig. 5. 3.10. 

The undraine d shear strength of the silt was the peak value 

obtaine d from CIU 
1 

triaxial tests. The friction angle of the fill was 

obt a ine d from a CID triaxial test. The friction angle for the till was 

based on empiric al correlations between standard penetration r e sis

tance and friction angles for granular soils (Peck et al, 1953 and 

T e ng, 1962) and on repres e ntative values of friction angles for granular 

s oils (Sow e r s and Sowers, 1951 and Terzaghi and Peck, 1967 ). The 

s tr e ngth parame t e rs chosen for the fill, silt and till have been reported 

by Golder e t al (1970) and Lambe et al (1970). In the predictions made 

by BRACE, the strength of the fill and of the till varied with the 

effe cti ve c onfining pre ssure, but the strength of the silt was independent 

of th e c onfining pre ssure during shear. 

The lat e ral s tre ss ratios at rest for the fill and for the silt 

w e r e compute d from K = 1 - sin <j>. The till was overconsolidated and 
0 

it s K value was gue ssed to be 1. 0. 
0 

The Young's modulus (E) of the slightly organic silt was com

puted from E = 300 S where S was the undrained shear strength 
u u 

from unconfine d c ompression tests (Bjerrum, 1964). For the black 

organic si lt E w a s estimated in two ways. The first was to use 

E = 300 s . 
u 

The sec ond way was to calculate the secant modulus at 

1% a xial strain from stress-strain curves based on CIU triaxial tests. 

1 
CIU m e ans i s otropi cally consolidated undrained tests with pore 
pressure meas urements and CID means isotropically consoli
dat e d draine d t e st s . 
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The modulus used for the black organic silt was the average of the values 

bas e d on the s e two methods. The modulus of the fill was computed at 

0. 5% a xial strain from the stress-strain curve obtained from a CID 

triaxial test. The modulus of the till was estimated (guessed) in two 

w ays. The first way was to treat the till as a granular material and 

to obtain the average modulus from a range of values listed in Table 

12. 3 in Lambe and Whitman (1969). The second way was to compute th e 

ave rage of the undrained active and passive moduli from stress-strain 

c urve s obtained in plane stress tests performed by Bocee (1970) on 

samples of Boston blue clay having an OCR of 4. The moduli were 

the secant moduli from the K condition to the stress level equal to 
0 

50 % of the stre ss level at failure. The drained modulus was computed 

from the average undrained modulus using the expression 

Edrained = 

1+µ 
drained 

1 X E d . d' 
+ µundrained un raine 

As the till consisted of layers of clay, sand, and gravel the average 

of the moduli for the s and and for the clay was used as the modulus 

for the till. 

The Poisson's ratio of O. 3 used for the fill and the till was 

ty pical for drained soils. The Pois son's ratio of 0. 45 used for the 

s ilt was to a ccount for s ome partial drainage. After an element 

y i e lded it s modulus was reduced to one thousandth of its initial 

m odulus . 

The samples of the fill and silt used in the triaxial tests were 

obtained from T e st Section B. The moduli shown in Fig. 5. 3 .10 were 

calculat e d for the center line of the soil layers at Test Section B. 

For T e st Section A the same values were used except for the loosely 

dumpe d sand bac kfill in the tre nch behind the sheeting where a 
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guessed m odulu s of one t e nth that of the fill layer and a guess e d 

friction angle of 28° were used. 
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PART II - EXPERIMENTAL WORK 
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EXPERIMENTAL WORK 

MEASURED PERFORMANCES OF TEST SECTIONS A AND B, 
NOR TH STATION, BOSTON 

I. INTRODUCTION 

Part II reports the measured performances of two test sections 

of braced excavations in Boston. These two test sections have been 

instrumented and studied by the Department of Civil Engineering of 

the Massachusetts Institute of Technology as part of a research pro

ject under a contract with the Massachusetts Bay Transportation 

Authority (MBT A). 

The principal researcher in this project is Professor T. 

William Lambe. Dr. L. A. Wolf skill heads the M. I. T. field instru

mentation staff who installed and read the instruments. Appendix A 

describes the details of the instrumentation at Test Sections A and 

B, and presents uninterpreted plots of the measurements obtained. 

Owing to a lack of space, repetitive data obtained with similar instru

ments are not shown. The complete data collected under this project 

a r e available in Room 1-33 9 at M. I. T. Appendix B describes the data 

acquisition and management system that was developed to handle the 

e normous amount of data generated in this research projec t. 

The two test sections are called Test Sections A and B. 

Their locations are shown in Fig. 1. 1. They were part of the brace d 

excavation along Ac colon Way for the MBT A subway extension between 

Haymarket Square and Charlestown. 

The cross section of Test Section B is shown in Fig. 1. 2. It 
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was :37 feet wide and 58 feet deep and five levels of struts were used. 

The c ross section of Test Section A is shown in Fig. 1. 3. It was 3 5 

feet wide and 45 fe e t deep. Three levels of struts were used. T e st 

Se ction B w a s located between a low building and vacant land, but 

Test Section A was located between two large buildings. 

Excavation at Test Section B started in September 196 7 and 

finished in November 1968. Excavation at Test Section A started in 

January 1969 and finished in May 1969. 

2. SOIL PROFILE 

Figure s 1. 2 and 1. 3 show the soil profiles at Test Section B 

and A, r es pectively. The thickness of the soil layers were different 

in the two sec tions. As a whole, the soil profiles at the two test 

secti ons we r e very heterogeneous, particularly at Test Section B. 

Slightly different profiles for Test Section B are used in some figures 

of Part I and Part II showing the writer's judgment in selecting the 

appropriat e profiles for different analyses. 

At both sections the stratigraphy from the top down included 

fill , si lt, till and rock. The fill was a loose mixture of gravel, sand, 

silt and clay. At Test Section B the silt graded from light gray 

slightly organic si lt to black organic silt containing shells. At Test 

Section A it cons ist e d of the slightly organic silt only. The till 

consisted of layers of sandy silt or clay, sand and gravel, and sandy 

clay. The fill layer was much thicker and the till layer much thiner 

a t B than at A . The rock was jointed. 

At Test Section A the sheeting was driven to the designed 

depth of about 60 fee t. At Test Section B it hit bedrock at 56 feet. 

However, northward from Station 76 + 30 (see Fig. 3. 1), the till 

increased rapidly in thickness and the sheeting was driven to its 
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designed depth. 

Figures 1. 2 and 2 .1 present the soil properties based on 

laboratory tests on undisturbed soil samples. The permeability 

values of the soils were obtained from field sensitivity tests on piezo

meters and deep observation wells. 

3. LAYOUT OF FIELD INSTRUMENTS 

Figures 3 .1 and 3. 2 are plan views of Test Sections B and 

A, r espectively. 

The devices installed at the two test sections included 

hydraulic and electrical piezometers, slope indicator tubes, strain 

gauges, stress cells, and settlement points. The hydraulic piezo

meters were the double tube Casagrande type (Casagrande 1949). 

The electrical piezometers were the Genor vibrating wire type 

(Bjerrum et al, 1965). The slope indicator tubes (Wilson and Hancock, 

196 0) were installed both on the sheeting and in the soils behind the 

sheeting. Several of those on the sheeting were perforated to enable 

the m to function as observation wells. Figures 3. 3 and 3. 4 show 

th e elevations of the sensors of the piezometers and of the tips of the 

s lope indicator tubes in Test Sections B and A, respectively . At 

Test Section A, two bench marks were installed to the till. 

The strain gauges were of the Geonor vibrating wire type 

(Bjerrum et al, 1965), and were used to measure strut loads. At 

Test Section B all the struts in six vertical sections and at Test 

Section A all the struts in nine vertical sections were instrumented. 

The s train gauges and the electrical piezometers were wired to a 

sw itching t e rminal in an instrumentation shack nearby. 

All the stress cells were damaged and rendered inservice ablc 
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during the hard driving of the sheet piles. 

Settlement pins were installed on columns of Anelex and North 

Station Buildings and settlement points were installed under Anelex 

Building. At Test Section B settlement points were installed. 

4 . CONSTRUCTION PROCEDURE 

Terzaghi and Peck (1967) have shown that details of construction 

procedure c an greatly influence the behavior of a braced excavation. 

The following are some features of construction important to the 

be havior of Test Sections B and A. 

4. 1 Depth of Sheeting 

At Test Section B the original design called for driving the 

sheeting to about 10 feet below the bottom of excavation. However, 

owing to the presence of the bedrock it was driven only to a depth 

of 56 feet, while the bottom of excavation was 58 feet deep. 

4. 2 Control of Ground Water 

Water was pumped from a sump to keep the site dry for work. 

To minimize settlements of nearby buildings, the contractor was 

required to maintain the total head in the till outside the excavation 

at or about +95 feet. Despite the recharge wells placed in the till, 

the total head at both test sections dropped markedly (See Figs. 5. 2 

and 5. 3), particularly at Test Section B. Calculations presented in 

Part I of this report show that these decreases in total head influenced 

both strut loads and ground surface settlements. 

4. 3 Wedging Details 

The Contractor was required to preload all struts except the 

top level of struts to half their design loads. However, owing to the 
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crushing of timber wedges placed between the wale and the sheeting, a 

loss in the strut preload occurred upon removal of the jacks. This 

fact can be detected from Fig. 6.1 which presents the measured strut 

loads at Test Section B. Figure 4. 4 shows some crushed timber 

wedges. 

4. 4 Excavation Progress 

Excavation progressed longitudinally in a terraced fashion 

rather than in horizontal lifts. At Test Section B, some stages of 

excavation proceeded deeper than were necessary to install the 

struts. Sometimes as much time as two weeks elapsed before the 

strut was installed after an excavation. At Test Section A, the 

undercut below each strut level was limited to about 2 feet and the 

time lapse between excavation and strut installation reduced to 2 

or 3 days. 

4. 5 Underpinning 

At Test Section A, the front row of columns of the Anelex 

and the North Station Buildings were underpinned before the subway 

excavation started to forestall damage. To do the underpinning a 

trench 15 feet deep and 5 feet wide was dug in front of each building. 

These trenches were later backfilled with sand. The backfill was 

not compacted and was loose. This explains the low loads measured 

in the first level of struts at Test Section A (see Fig. 6. 2). 

5. PORE PRESSURE NEAR EXCAVATIONS 

As shown in Figs. 4.1 through 4. 3, significant seepage into 

the excavation occurred at both Test Sections A and B. 

The ground water problem was caused by (a) a highly pervious 

gravel stratum in the till, (b) cracks in the rocks at Test Section B, 
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(c ) ruptured joints between sheet piles, (d) holes in the sheet piles, and 

(e ) three-dimensional seepage of water in the till as the till was not of 

uniform thickness and the sheet piles were not of uniform length. 

Figure 5.1 shows the change in total head with time twenty feet 

from the east wall at Test Section B. Initially, the total head was 

nearly constant with depth and was between +108 and +110 feet. As 

excavation proceeded, the total head dropped drastically despite 

recharging efforts. At the final stage of excavation the total head 

was as low as +ti2 feet. 

Figure 5. 2 shows the contours of the measured total head 

outside the east wall. It shows that even as far away as 70 feet from 

the excavation there was a very marked decrease in total head in the 

till. 

At Test Section A many more recharge wells to the till were 

installed. Still a significant decrease in total head occurred outside 

the excavation (Fig. 5. 3). 

Figure 5. 4 again shows that the pore pressures on the wall 

and near the wall were far below static at Test Section B. 

At the two . test sections grout was used in an attempt to con

trol the s eepage, but these grouting efforts were largely unsuccessful 

as the total heads continued to drop. 

6. HORIZONTAL STRESSES AND STRUT LOADS 

Figure 6. l shows the design s.trut loads and measured strut 

loads during various stages of excavation for Test Section B, and 

Fig. ti.2 shows those for Test Section A. At Test Section B the same 

six struts and at Test Section A the same nine struts were instru

ment ed at each horizontal level. 
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At Test Section A, north of Strut 8 (Fig. 3. 2 ), a fourth level of 

strut s was installed, and three of these struts were instrumented. The 

strut loads reported in Fig. 6. 2 were measured prior to the installation 

of the fourth struts. 

Figure b. 3 shows the 11apparent 11 pressure diagrams for Test 

Sections B and A at final excavation. They were backfigured from the 

measured strut loads by considering the sheeting to consist of indepe n

dent vertical segments. These diagrams suggest that the distributions 

of total horizontal stresses against the wall were approximately tri

angular in shape. 

7. MOVEMENTS NEAR EXCAVATION 

Figure 7 .1 shows the horizontal movements of the sheeting and 

the settlements of the ground surface outside the excavation at Test 

Section B. It shows the levels of excavation at various dates as well 

as the dates of installation of the struts. Figure 7. 2 shows the hori -

zontal movements of the sheeting and of slope indicator tubes in the 

soil twenty feet from the excavation. 

Figure 7 .1 shows that the maximum horizontal movement to

wards the excavation of the sheeting was about 5 inches. This move

ment was typical of the movements of the sheeting at Test Section B. 

One slope indicator (SIB-7), however, showed a movement of the west 

shee ting equal to 9 inches. Figure 7 .1 also shows large settlements 

of the ground outside the excavation. The maximum settlements were 

5 inches east of the excavation and 10 inches west of the excavation. 

Calculations presented in Part I of this report show that these settle

ment s were caused both by excavation and by dewatering. 

Figure 7. 3 shows the horizontal movements of the sheeting at 

Test Section A as well as the levels of excavation at various dates 
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and the dates of strut installation. Figure 7. 4 shows the contours of 

the settlements of the Anelex Building, which was a 13-story structure 

5 feet from the east sheeting line. The maximum settlement was 0. 7 

inch. 

Figure 7. 5 compares the maximum movements of the sheeting 

toward the excavation at the two test sections, at approximately 

similar depths of excavation. It is seen that the movements at Test 

Section A were smaller than at Test Section B. This could be explained 

by the smaller undercutting at each strut level and the smaller time 

lag b e tween excavation and strut installations, as noted in Subsection 

4. 4. 
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WATER FLOWING INTO EXCA~TION 

(Looking .soufh rrom sfolion 76+3J-' 12/17/68) 

FIGURE ti.I WATER FLOWING INTO EXCAVATION 

(Af"ler Lambe J Wolrsfi/1 ond WongJ 1970) 
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FIGURE '-1.2 WATER FLOWING THROUGH HOLES 

IN SHEETING TEST SECTION A 
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FIGURE L./.L/ CRUSHING OF TIMBER WEDGES 
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PART II 

APPENDIX II-A 

INSTRUMENTATION DETAILS AND SUMMARY OF DATA 

This appendix describes the details of the instrumentation at Test 

Sections A and B, and presents uninterpreted plots of the m e asurement s 

obtained. 

Tables A-1 through A-8 list all the instruments installed at the 

two test sections. Figures A-1 through A-20 show the details of each 

type of instrument and an example of the installation report for each 

type of instrument. Figures A-3 and A-4 show examples of the daily 

strain gauge reports for the two test sections. Figures A-ll and A-12 

show the location of the settlement screws and column pins at Test 

Section A. 

Figures A-21 through A-24 show uninterpreted plots of the measure

ments obtained by a certain number of instruments. Owing to a lack of 

space, repetitive data obtained with other instruments are not shown. 

All of the stress cells were damaged during the pile driving and 

therefore no earth pressure data was collected. The hamme r used 

was a Vulcan llB3 hammer operating a 1 blow/ second. 

The damages were caused when 1) the membrane disc moved in 

and out perpendicular to the sheeting face and hit the back of the cell, 

and 2) the screws fastening the magnet became loos e ned and caused 

tipping or complete disconnection of the magnet, and 3) the Allen screw 

fastening the wire became loosened and caused the wire to be unfastened. 
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Table A-1 Instruments Installed 

Number Installed 

Instrument Type Section A Section B Total 

Open Hydraulic Piezometer 15 4 19 

Vibrating Wire Piezometer 0 7 7 

Slope Indicator 12 17 29 

Permanent Bench Mark 2 0 2 

Se ttlement Reference Screws 51 0 51 

Settlement Reference Pins 43 0 43 

Surface Settlement Points 6 6 12 

Vibrating Wire Strain Gauges 54 54 108 

Vibrating Wire Stress Cells 0 13 13 
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Table A-2 List of Strain Gauges - Test Section A 

Strut Gauge Initial Final Beam Date of Date of 
No. No. Zero Freq. Zero Freq. Size Installation Removal 

1-A 1-1 1404 NG * 36WF150 12/12/68 3/10/70 1-2 1273 1281
1 

1-B 1-3 1026.5 877* 14BP89 1/31/69 11/ 19 / 6 9 1-4 1017 1022 

* 
3 -C 

3-5 1200 1053* 14WF111 3/22/69 7/ 9/69 3-6 1282 1255 

4-A 4-1 1048.5 NG * 36WF150 12 / 2 / 68 4 / 10 / 70 4-2 1242.5 1369 
..t, 
1 ' 

4-B 
4-3 986.5 1060* 14BP89 1/31/6 9 11/2 0/6 9 4-4 923 948 

* 
4-C 

4 -5 1094 1168* 14WF111 3 / 22 / c1 n 7/ D/(i:l 
4-6 1136. 5 1216 

* 
5-A 5-1 1214.5 1327 36WF150 12/ 2/ 68 4/9/70 

5-2 1343. 5 NG 
:,:::: 

5 -B 
5-3 1103 1048* 14BP8 9 1/23/6 9 11/20/ 69 5-4 1071 1049 

* 
5-C 

5-5 1207 1284 * 14WF150 3/ 11/ 69 7/ 9/6 9 5-6 1023 1006 

6 - B 
6-3 1011 946* 14BP8 9 1/ 23/ 69 11/2 0/69 6-4 1073 1023 

..t, 
1' 

1367.5 1326 
G-C 

6-5 
14WF150 3/11/69 7/ 9/6 9 6 - 6 1319 1150 

* 
7-A 7-1 1275.5 1508 .,, 

36WF150 12/2/ 69 4/10/70 7-2 1165.5 
1' 

958 

7-B 7- 3 1214 926* 14BP8 9 1/23/ 69 11/20/ 60 7-4 1025 792 
,:, 

7-C 
7-5 1047 1149* 14WF150 3 / u; 6 9 7/ 9/69 7-6 1148 112 9 

* 
8-A 

8-1 1026.5 1062 * 36WF150 1/ 7/ 69 4/23/70 8-2 1000 1072 

8-3 * 
8-B 

1064.5 NG* 14BP8 9 1/23/6 9 11/20/6 9 8-4 1302 1511 
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Table /\.-2 List of Strain Gauges - Test Section A (Continued) 

Strut Gauge Initial Final Beam Date of Date of 
No. No. Zero Freq. Zero Freq. Size Installation Removal 

>!< 

8-C 
8-5 1080 

!~:~* 14WF150 3/11/69 7/22/69 8-6 1115 

* 
11-A 

11-1 1320 1328* 36WF150 1/7/69 4 / 7/ 70 11-2 1320 1167 
.,, 

11-B 
11-3 1017 1027 ,,.. 

14WF142 2/6/69 11/20/69 11-4 1037 1052 

* 
11-C 

11-5 1183 1165* 14WF111 3/18/69 7/22/69 
11-6 1147 1152 

12-D 
12-7 1355 1357 

14WF119 4/29/69 7/22/69 12-8 1200 1245 

* 
13-B 

13-3 1276 1370* 14WF142 2/18/69 11/24/69 
13-4 1325 1387 

:<< 

13-C 
13-5 1364 1895* 14WF119 3/27/69 7/24/69 
13-6 1195 1009 

13-D 
13-7 1094 1110 

14WF119 4/29/69 7/22/69 
13-8 1130 1113 

14-B 
14-3 1366 1463* 14WF142 2/18/69 11/24/69 
14-4 1196 1252 

>,'< 

14-C 
14-5 1286 1317 

14WF111 3/21/69 7/24/69 
14-6 1090 1132 

14-D 
14-7 1221 1431 

14WF119 4/28/69 7/22/69 
14-8 1130 

::~ 
Denotes frequency used. 
NG = No Good. 
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Table A-3 List of Strain Gauges - Test Section B 

Strut Gauge Initial Final Beam Date of Date of 
No. No. Zero Freq. Zero Freq. Size Installation Removal 

,:c 

5-1 
5-1 1000 1017 * 36WF150 9/ 27/67 3/ 16 / 70 5-2 958 953 

* 
5-2 5-3 1337>:< 1532 14WF202 4/5/68 3/9/70 

5-4 1553 1342 
,:c 

5-3 5-5 133 9 14WF202 6/18/68 
5-6 1351 

,,, 

8-1 1524 
,,, 

12/ 6/ 67 3 / 12 / 70 8- 1 1502* 36WF150 
8-2 1067 1071 12/8/67 3/ 12 / 70 

,,, ,,, 

4/3/68 8 -2 8-3 1533_., 14WF202 
1415 

,,-

4/5/68 8-4 
>!< 

6/4/68 3/ 17 /6:j 8-3 8-5 1334 1346 _,, 14WF202 
1570 1604 

, ,, 

6/4/68 3/ 10/n:j 8-6 

* 9-1 953 862_., 
, ,-

9- 2 9- 1 1564 1574 
36WF150 9/ 12/67 3/ 12/70 >:< 

9-3 1111 1134 
~c:: 

9-4 1455 1360 

9-5 NG 
9-6 1599 

~ - ? 9-7 1582 
14WF202 3/12/68 3/ 9/ 70 ' ~ 9-8 1402 

9- 9 1355 1462 
0-1 1550 1465 

~:< 
6/5/68 3/17/69 9-3 

9-11 1448 1446_,_ 
14WF167 

9-12 1319 1353"' 6/3/68 3/17 / 69 
,,, 
1' 

9-13 1593 9-4 1634 14WF1 67 10/2/68 1/ 27 /69 
9-14 1396 1393 

* 11/15/68 1/ 3 /GD 9-5 
9-15 1098 1024 ,,, 14WF1G7 
9- 16 1333 1297 

,,, 

11/16/68 1/3/6:J 
,:c 

11-1 
11 - 1 1226_., NR 36WF150 12/5/67 3/12/70 11-2 1107 

,,, 

1052 
-·-

11-2 
11-3 1302

1

-

3/12/68 3/10/70 11-4 1520* 14WF202 
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Table A-3 List of Strain Gauges - T e st Section B (Continued) 

Strut Gauge Initial Final Beam Date of Date of 
No . No . Zero Freq. Zero Freq. Size Installation R e moval 

* 
11 - 3 

11 -5 1507 1487 * 14WF167 5/23/68 4/ 1/G<J 11-6 148 9 1496 
,,, , ,, 

11 -4 
11-7 1440 >!< ocs 14WF167 10/2/68 1/2/ 69 11-8 1482 ocs 

,:c 

11- 5 
11- 9 1116 783* 14WF167 11/15/68 1/3/ 69 11-10 1357 1314 

* 
14 - 1 

14- 1 144 7 J, 1402 
36WF150 12/7/67 3/10/70 14-2 12 9 ( '' 1271 

* 
14-2 

14- 3 1047 1176,.,< 14WF158 2 / 27/68 9/ 12 / 6 9 14-4 117 3 1167 
>:C 

5/5/68 4/22 /Gfl 14 - 3 14 - 5 12 48 12 52 >:C 14WF202 
14 - 6 1588 1667 5/2/68 4/22 /Gfl 

* 
14-4 

14-7 1246 1248* 14WF158 9/18/68 12 / 23/ 68 14 -8 1287 1229 

* 
14- 5 

14 - 9 1472 1455* 14WF167 10/18/68 11/2 9/ 68 14 -10 11 94 1130 

* 
15-3 

15 - 3 1463 1489* 14WF202 5/2/68 4/22/ 69 15- 4 1456 1463 

l S-4 
15- 5 1461 

* 14WF158 7/ 9/68 12/ 23 / 68 
15 - G 14 98 1544 

* 
15 - 5 

15- 7 1567 1496 * 14WF167 9/25/ 68 12/23/ 68 
15- 8 137 6 1206 

,,, , ,, 

De n ot es fr e que ncy used. 
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Table A-4 List of Slope Indicators 

Instrument 
No. 

SIA-1 

SIA-2 

SIA-3 

SIA-4 

SIA-5 

SIA-6 

SIA-7 

SIA-8 

SIA-9 

SIA-10 

SIA-11 

SIA-12 

SIB-1 

SIB-2 

SIB-3 

SIB-4 

SIB-5 

SIB-6 

SIB-7 

_,_ 
-,-

Date of Bottom 
Installation Elevation (ft.) 

1/30/67 
>:< 

+69.43 

1/25/67 +66. 18 

2/5/67 +62. 93 

1/10/69 +60.22 

1/2/69 +58.36 

8/26/68 +59.98 

8/29/68 +61. 75 

9/12/68 64.26 

8/27/68 58.24 

11/30/68 66. 3 9 

8/29/68 58.20 

8/ 16/ 68 60.74 

2/28/67 48.05 

1/26/67 52.02 

2/21/67 47.58 

2/26/67 54.50 

2/21/67 51. 11 

3/3/67 52.60 

7/24/67 54.20 

Boston City Datum +100. 000 ft. 
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Test 
Section Location 

A In Soil 

A In Soil 

A In Soil 

A On Sheeting 

A On Sheeting 

A On Sheeting 

A On Sheeting 

A On Sheeting 

A On Sheeting 

A On Sheeting 

A On Sheeting 

A On Sheeting 

B In Soil 

B In Soil 

B In Soil 

B In Soil 

B In Soil 

B In Soil 

B On Sheeting 

Bottom 20 1 

of 4 11 Pipe 
Perforated? 

No 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

Yes 

Yes 



Table J\.-4 List of Slope Indicators (Continued) 

Bottom 20' 
Ins trument Date of Bottom Test of 4 11 Pipe 

No. Installation Elevation (ft.) Section Location Perforated? 

SIB - 8 7/24/67 47.86 B On Sheeting No 

SIB -9 7/21/67 55.75 B On Sheeting Yes 

SIB -10 7/19/67 49.87 B On Sheeting No 

SIB- 11 8/25/16 67.16 B On Sheeting Yes 

SIB -12 8/22/67 61. 96 B. On Sheeting No 

SI B -13 8/22/67 62.47 B On She eting No 

SI B -14 8/25/67 61. 63 B On Sheeting Yes 

SIB - 15 8/22/67 62.93 B On Sheeting No 

SIB-16 8/23/67 62.30 B On Sheeting No 

SIB-17 8/23/ 67 62.64 B On Sheeting Yes 
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Table A-5 List of Hydraulic Piezometers 

** Instrument Date of Sensor Test Type of .,, 
No. Installation Elevation (ft.) Section Leads ··· 

PA-1 1/ 5/ 67 +100.51 A Double 

PA-2 1/ 14/ 67 + 85.622 A Double 

PA-3 1/21/67 + 72.17 A Double 

PA-4 1/12/67 + 89. 29 A Double 

PA-5 1/13/67 + 74.00 A Double 

PA-6 1/ 13/67 + 66.88 A Double 

PA-7 4/12/69 + 71. 7 A Double 

PA-8 4/17/69 + 64.8 A Double 

PA-9 4/ 12/69 + 67.90 A Double 

PA-10 4/15/69 + 64.35 A Double 

PA-11 4/29/69 + 75.0 A Single 

PA-12 6/3/69 + 86.4 A Double 

PA-13 6/3/69 + 85.9 A Double 

PA-14 6/2/69 + 80.0 A Double 

PA-15 6/ 19/69 + 65. 46 A Double 

PBH-1 1/15/67 + 75.21 B Double 

PBH-2 1/ 14/ 67 + 68.63 B Double 

PBH-3 1/17/67 + 65.63 B Double 

PBH-4 1/15/67 + 60.26 B Double 

,:, 
Double tube type consists of 3/8 11 inner diameter tube and 
1/ 4" inner diameter tube. Single tube type consists of one 
3 / 8" inner diameter bube. 

'~* Bost on City Datum + 100. 000 feet. 
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Instrume nt 
No . 

PBE -1 

PBE-2 

PBE-3 

PBE-4 

PBE-5 

PB E - 6 

PB E- 7 

-~ 

Table A-6 List of Vibrating Wire Piezomete rs 

Date of 
Installation 

1/17/67 

10/31/67 

1/18/67 

1/1 9/67 

1/16/67 

8/11/67 

9/5/67 

:;'< 
Sensor Test 

Elevation (ft.) Section 

+98.52 B 

+87. 47 B 

+74. 70 B 

+65.61 B 

+59.36 B 

+87.48 B 

+73. 56 B 

Hard or 
Soft Ground 
Installation 

Hard 

Hard 

Soft 

Hard 

Hard 

Soft 

Soft 

-,- Boston City Datum + 100. 000 feet. 
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Table A-7 List of Vibrating Wire Stress Cells 

Instrume nt 
No. 

cr-158-1 

cr- 158-2 

cr-158-3 

cr-158-4 

cr-158-5 

cr-158- 6 

cr-158-7 

cr-158-8 

cr-158- 9 

cr-158-10 

cr-158-11 

cr-162-1 

cr-166 -1 

_,_ 
-,-

Date of 
Installation 

8/1/67 

8/ 1/ 67 

8/ 1/ 67 

8/11/67 

8/1/67 

8/1/67 

8/ 1/ 67 

8/1/67 

8/11/67 

8/11/67 

8/11/67 

8/11/ 67 

8/ 11/ 67 

Bos ton City Datum + 100. 000 feet. 
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_,_ 
-,-

Se nsor 
Elevation (ft.) 

+113. 77 

+107.7 9 

+101.77 

+ 95. 88 

+ 88. 7 9 

+8 3 .7 9 

+ 80. 28 

+ 7 4 . 78 

+ 69 .7 9 

+ 65 . 2 9 

+ 6 1. 2 9 

+ 93 . 94 

+ 88 . 00 

Test 
Se c tion 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 



Table A-8 List of Surface Settlement Points 

** Instrum e nt Date of Sensor Test 
No. Installation Elevation (ft.) Section 

SSA-1 1/18/69 +120.791 A 

SSA-2 1/18/69 +121.347 A 

SSA-3 1/18/69 +121. 097 A 

SSA-4 1/18/69 +121. 274 A 

SSA-5 1/18/69 +120. 975 A 

SSA-6 1/18/69 +120.767 A 

SSB-1 11/1/67 +113. 270 B 

SSB-2 11/1/67 +115.074 B 
_,_ 
, ... 

11/1/67 SSB-3 B 

SSB-4 11/1/67 +113. 670 B 

SSB-5 11/1/67 +112.833 B 

SSB-G 11/1/67 113.885 B 

Datum: MBTA BM-1 

-·--,-Abandoned 

~:~* 
Boston City Datum + 100. 000 feet. 
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FIGURE A -2 VIBRATING - WIRE STRAIN GAUGE 

INSTALLATION 
-2 96 -
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VIBRATING-WIRE STRAIN GAUGE INSTALLATION 
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OPEN HYDRAULIC PIEZOMETER INSTALLATION REPORT 

Project MBIA. -~ I. Instrument Np. ~ 
0. ,3.5 .;: t:) I 

Instrument Location Tes Se:;r. 1!> - ~11\.,.. 3'-4-ffl:: - '-'''t~T ~.c~ 
e\'~ _,. __ ,._ ct:.. ~"' ~z. 

Date Installed t:\~ - ~'4 S By t;e,l"\J!N:t.)a)1Q"TS 

JA~ 8'meeccx. (mm UC\ftmA.t In spec tor e.. ~~'&A j l>AUt.. SA01.w,a.. 
• • 

J'(pl5 -~ Pc.8-nc. . ~°'-~c.o 
( ~ II ,-.,. ,' ~ II 1"""' ) Leads F\.Nl'\C.. Tu&,N', ~ .... "' ~ ..... 

Cover Assembly Type 

Elevation Top of Leads 

Comments: 
1) ~\.e At)V~'-lte1> 11~ ~~'-\• ,:u- $PL\T ~ s,""~'M.Gt ~ 

\uA~~ ao«.,~ """''M MU1:. U'P 10 \.~T a' ' 

~) 11.,9 · 't0 "'°~ ,a cu.) "Me tAa.a~ ~ m4 
C..\.E'Nl u.:,ATl!IQ. ~ COUL~ ~ 

~ UC) 1l4• ~Q • IA)~ ~""r"r"r--r--r-,,r-r-,-~-r-r-r.,..,...,...,,_ +IIS .~S 

, 'Ii' •a.ow ~'-'ti 
li) a\)n\i,a c..,6,~', u o , '/,,' TO 

"'E1" ~"' ~' 04= 6~ce u411l'Oft. 
~ C.A.S.I ~'-t · 

4) He...l>~ l11511).•2. 

Subsoil at Tip Elev. 
~\e,..b: LAg<-E. ( \- l 1/i., ♦) SAAU-

lib'i,eD Stt)t,4&~ MJJCCP 1,9\Tk ewe. 
:.!'Mb • A. "="-"P< ~\\.T I 

El e v 

El ev. 

El~v. 

\ ' ' 

F I GURE 4 -6 HYDRAULIC P/EZOMETER INSTALLATION REPORT 
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SOFT GR0UNO //VSTALLAT/ON HARO G'ROU/\/0 IIVSTALLA TION 

FIGURE ,4 - 7 GEONOR VIBRATING WIRE P/EZOMeTER 



VIBRATING-WIRE PIEZOMETER INSTALLATION REPORT 

Project _1
_- _· _____ l.•_i ,~1,~· -·~~" .......,4 _____ _ Instrument No. 

Instrument Loe at ion _ c ___ :::.i __ t:C-:: __ . ___.·:nc,_,.. ___ ,......,~ _ ·\ __ -s _____ §::r,___,_-'-"-_g __ L.;;;... _ _ --1 ..... t.._,_~_ . ..:.:2._....:l.:....:· ,.;..:c:::...""1-, \·..:..•1~_,Yf{c..._,:;_· -'-~-/ /../, · ' ' · 

Date Installed _t _._!_1~_._\_~:f:~-- by '=\ i.:::::.,o.....~fl : 7:.,.· , · 1, ·• L' '. /, •. t;:;l,,,._ J \ - ' ._, ,. , .. _ ' ... ' 

Inspector '"f->, '--:-::,1 • .... , L. 1 • 1 ,.- r,.· 

Vibrating-Wire Piezometer _¾_~, ::...l~C;...:a~~o~~""----~\~~~1..:.·\·.:....1,_: ,....:~::;._·.:....•' .:....·· ~.:....-, .:....~ ____ ::_ ' __ 

Leads 

Banding/Marking on Leads 

Terminal Board Connection 

Cover Assembly Type ,--~ - / "(!°#-'7 C ;; O c. c c1r·•/ t'l·1"/ 

/or ....5..7 8 - 3 

• I 

I. .• 
(.\; ,'{"" .:: .,, ... ~'l .:;, 

Soft Ground Installation Hard Ground Installation 

Elev. __ _ E.Jev. I \4. s ·~ ____ 1:,~,,. 

~ . ·,.'.'' 

Seo I - ----

.+-Elev. 

____ E\ev. ___ _ 
Et, 'l• 

Su.bs-od o.t T i p 

See comments on r everse side: 

FIGURE A-8 VIBRATING WIRE PIEZOMETER INSTALLATION REPORT 
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- --· ----------- ·- ·- -·- ·---- - ---
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//4 ' ro w / "'co l ,t - /rJ " rnocn,ne 
, .screw Onchor ,No . 5}2 20 or 

e9u, volenr 
,::, 

!? 
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~ # d,,o. hole dnlled 
I s/..,t"' ,'nfo the co/~rnn 

0 

Column 
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Note: W/2en the 3'/i"'"' screw Is replaced 
o;rter o selr/ernenr 06.servo/"/On, 
the J/~ • .screw, .shou-/d be proper/y 
;,.,..t,r,c:ored ono' • /✓nger /'t}r'Yened • l'o 
prevent" .s/szure 

-·•--- - ·- ----
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-----f'f\ , , , 

-1/,t • long , 1/..,,' ,1et?O .sto,nless 
steel rou-nol heod screw, 
sei ro prokcr //2e onchor 

I I/ 
------1.,~ N 

· c" long, ¾/. #c'o sto,nks~ 
~ # maJt' 7 ~reel round heod . .screw, 

pos,T'/or>eol )'o receive roct 
on edge o~ /Jeod . 

FIGURE A-lo SETTLEMENT SCREW 
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FIGURE A - II LOCATION OF SETTLEMENT SCREWS AND COLUMN PINS 
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SETTLEMENT REFERENCE POINT RECORD 

Project ME577Fz1 -~..$,b-~,.f, ~A'Sheet 

Type of Reference Point_:5~rt4ec s,;;5~ -tt/e ;-t.-/ 1'" .. ,. ( /i6., J - - / 

Point Number -=S:=-...::5~-S:::;..._-.....;2=----- Location s/vi wt.-..11:1 ft --:, ie 

, ,, 
=6ct'ck ,zo .?. 

Date Installed __ ll.,L~.,_____,_/_q~b~l___ by MX' fl .; Re )C 

Elev. of Point -I- / 1..S-. o 7Y Date Set _ ½:;.../..c.i~--___:_/ ...:..-?~t4 . .,.z'-----
Datum MST/9 .B'M-/ 
Comments: 

,.C/GURE A - 13 SURFACE SETTLEMENT POINT /NS'TALLAT/ON 

REPORT 
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I' 

~ 
~ 
~ 

* ~ ,._ 
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"' ,c;: 
"! 

~ 

~ 

Stop p,pe I' /rom lop ol 
s he el' p,le . i,v-,/d rop on 
both s,i:les /or /' 

ln.s/:::,// o/vm,;.,un, .slope- ✓no'#:ol'or 
cos,'n9 o, spec,"/,4!!-d ,n .3,c-1'/on S.~ C 
on,h,ng -.,lt!'p o, ol';'er ..,~,..t°"",,e, ,'s 
dr,¥en 

sfe .. l shet>f> p ile 

',I• 00. s;l,,_I p,pe -~ ,1,.,,/ 
,;,·~,ng •"°•. ...,.1a'eo' I.:, .,.,,,..; 
.f"'I• . F,1/ea' _,'It, ,o,.,o' b'<,sl>n!!J 
.1ond l'o ~e,-,r a'omog• ,:;_."'9 
dr/ .,;,,9 

P,iod c:oup-'ng - _,.Id /'on eoch 
.:s,of, . u.Oove ~ t, • /ott1. '°°-'" to,o i 
a:>l'tom cowphng o,-, p,pe weld IAe 
cou,ohi->g lb rM sheet"pi'e ,:,, oo'd,//On 
to lhe I' o, ,-,e/o',n9 o6o..., ~ b<!A:>w 

W'elo' J. on bol'I, .s, o'e:, o/ t'A., p;pe 
<'v•ry I' !'or ~ /,ngl/2 o/ l'M ,,,O,oe 

Wetcl pip• ro pile o l/ oro1J'7 c/ a,,-,'v,'ng 
.:,ho~, //,in ;vet o' p ,,o~ le p ,/e /or IP ' 
on born· ,:, ,O'e., o6ove snoe . 

Weld / .. d'IO. ro,'n /orc,"'3 rod l'o ~ '/e 
or bend, ono- l"h:-n t,end rod 4.Jp 
ond ,,.,,.e/ d to o'h·.,,e .7l'>oe 

~4'' ~ .-n/crc.~·.,9 
roo' /'O ,Or,t/g" gap 

~3h<'e1' 

P,'po 

p ,I<, 

CROSS .SECTION 

if\ . . 
/ • r•1nTorc1n.9 roo', 
D~nr o,-,o' _.,~/d~o,t ;o 
c:t',.,·,,,,,n!J .shoe on d -,he~/' ,,o,k 

STl!"EL 

o l/ Drouno' I
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> 

Cul o ff p:pe t!'nd ol Jo• ono' 
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FIG'URE ,4.-/'f fJETAIL OF SLOPE IN{)ICATOR INSTALLATION ON STEEL Sf/EET PILING 



SLOPE INDICATOR WELL INSTALLATION REPORT 

Project tf8L8q(v..n;,# ~ .... _t rinstrument No • ..5/B - 3 
I/ .<'/ - ,. 

Date Installed /.:?/ - H( ,z by /Q<::C·'/ 'tt::q,.,ft:(,< 11/c/·~ z:_,; 

Inspector p E '::x:"5a ;,>. ·~:_, , ' ~-- I 

Cover Assembly Type ~nhP~ - r::--1;&:c:1. _/4,,.,,,.,-- ,/4 '-• ·•\ : •, ··. ; ~' .-. 
. . . ,, VI r t::11 ;zl ..,, '!\/~ '/ ,·c ?/ .. ~ : , -·.-~. ' ·, ) " 

Slope Indicator Casing 'fY.pe ¼ /"o//';?>t#/ r__. //t 7 ',,?-"'c . - ·- ·_ ... 

Number of Sections of Slope Used /2 

/ ,f / ... / . 
Length of Sections S 0 .. r R 

1
,er. ce:,?1/-"'./" ~:>.,. 

Orientation of Grooves ·.-v; ,I _j_ ~ o 17<<-~t.-
/ 

, _/; ... a .,, . . :'. . 
7 I • . - • .. 

Comments: 

+ Ele V, 113-:n ;c l; k .. , r 
.. ,~·cc v c 

/ ' J. 4 A(, ., l -1 J ... l,- ?o 

£/.::·v. 
u...1..1.1~'----flev. J./'-i. 5 8 I 

FIGURE A· /5 SL.OPE INDICATOR WELL INSTALLATION ~EPORT 
-~09-
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/ ' 
:.• ~ . .,,, .,) ... 

VIBRATING WIRE STRESS CELL INSTALLATION 

Cel 1 no. : 
/ : ~ .. ·" ·./ ) ------~----1-· '5_-...;e;:.__-_2_.....1~....._:;~;v.;...."-lil,<-"'"...:#;..;..:.Y-=£.:;:;.0..:...1..:..·. _·..:..· _;. •:._ ... __:.._:~~•,_··• { . ...- -, 

Date of installation: 

Project: 

Elevation, ft , : 

Initial zero reading, cps: 

., . / , I / o ,{ / = ,, .. -,, 
Remarks: ~-- ,- / / b / c:, .h""d' h ,1 ~ lrl? e:n,.--e _.., 7 o , 7 

£;;;) / ~/ _ 

,, 1/-'- u r c· ,::,/', ,..,,. c~ ~ &r.., -/,,,-.,/ -✓ ,' -,J /4 /)> / 

Q ~"7 .,::-1,; j .,-,,• <"~ ,J ;,• /¾ ·•. /q.1:, 7 /~ rl,- 3 :-I ·c, / C - ;:. · .·; ... . ✓,; ' / 

--, /2~$ o/'""S (@ ,4'd./../ /.e-_/ ( ~ .Sc)•;:), i 

FIGURE A -18 VIBRATING WIRE STRESS CELL INSTALLA T/0/V 
RcPORr' 
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Concrete slo.6 
vono6le lh1cbU.'S9 

.,, _.,, _.,, . i 

I-< S---- 2 • en'ro /Jeo vy p,;oe 
A. S. T. M. Oes-1gnohon 
/1120 630 T 

:...s- 3 'k " e,dro heovy p,;c,e 
A . s. T. M ~ si9nol'1on 

A /20 630 T 

,,--~- ---
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· f /1/ or 
bed rocc 

... 

' .... 
... 
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Ir 
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. . 

p l ole 

./oso,,r, Y6¥8B 
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pipe 
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BENCHMARK ABOVE WATER TIIBL.E 

FIGURE A -/9 PEMANENT BENCHMARK 
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BENCH MARK INSTALLATION REPORT 

Bench Mark No . • B/1 - ,,/' 

-

Inspector 

Cover Assembly Type 

/ 
Bench Mark Elevation -r ,,//~. ~:.t'&' 

Level Run Recorded 

in Field Book No. 

Date Elev. Set 

Comments: 

~ -r,rp #~ 

1,1 1?67 

Blow count per inch for last 6 inches 

[J/ c ,_, . .:,, / 3 'S 0 i:t ~; ')\ ", 1 e (' I g 1
' ; .,..,.;_ ; , 

/o o 
loo 
_loo 
lo o 

FIGURE A -c?O BENCHMARK INSTALLATION REPORT 

----~--, ·;Jc.:> :' / .·· •. , 

E I e v. // S ;~• l ., 

c ..so.-.// ..::;, .:_/·, ) 
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PART II 

APPENDIX IIB 

DATA ACQUISITION AND MANAGEMENT 

This appendix describes the system of data acquisition and manage

ment connected with the program of instrumentation of Test Sections A 

and B, North Station. 

A. FIELD DATA ACQUISITION 

Three methods were used to read the instruments installed at Test 

Sections A and B. These three methods are: 

1. Manual Method 

The instrument s read manually were hydraulic piezometers, sur

fa ce settlement points, column pins, settlement screws, and Wilson 

slope indicators. The movements of the top of the slope indicator wells 

were surveyed optically. 

2. Method Using Field Central Data Acquisition Unit 

The field central data acquisition unit is shown in Fig. B-1. This 

unit was installed in a small shack at the site and allowed remote 

reading of the vibrating wire piezometers, strain gauges and stress 

cells. 

3. Method Using Mobile Data Acquisition Unit 

Bromwell et al (1970) report the development of the Beaver 

Inclinometer sys tem. This system incorporated a mobile data acqui

s ion unit. Figure B-2 shows a photograph and Fig. B-3 shows a 

sc hematic of the Beaver inclinometer system. 
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The nca vcr inclinometer system was designed for operation in 

th e field by one man. The mobile data acquisition unit was mount e d 

in a vehicle. The components that must be carried from hole to hole 

are small and lightweight. The operator at the hole controls the 

entire system by means of a remote control box. 

B. DATA HANDLING AND MANAGEMENT 

1. Manual 

When an instrument was read the reading was recorded in a 

fie ld notebook or in a daily report s heet (such as Figs. 0-4 and D-5). 

As soon as possible (usually in the same day), the field notebooks and 

the daily report sheets were brought back to M. I. T. The data in thf' 

field notebook was r ec orded in an office notebook while the daily 

report sheet was put in a file. 

As s oon as possible the data was processed and the results 

entered in summary plots. The updated summary plots were distri

buted to interested parties such as MET A, the Contractor and the 

Project Supervisors at M. I. T. 

2. Automated 

The data collected u sing the Beaver Inclinometer system were 

stored on an IBM tape. The tape was input directly to a digital com

puter for processing. High-quality summary plots showing deflections 

as a function of depth at various times were obtained as computer 

output. 

Figure B-4 shows an example of a computer plot of deflec tions. 

Enclosure I contains the User ' s Manuals for the programs used for 

the processin g and plotting of the data. 
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C. FUTURE DEVELOPMENT OF DA TA ACQUISITIO N, 
HANDLING AND MANAGEMENT 

Techniques used to store inclinometer data have been refined 

and extended to include all types of field data. The goal is to have 

a program written for a time sharing system that will enable a user 

to query the data structure and make comparison plots on a type

writer console. Once the user is satisfied with this rough plot, he 

will be able to generate a report quality plot. English language 

commands and "free" input format will make the system easy to 

master. Presently (February 1972) these programs have been 

written using a batch process. 
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ENCLOSURE I 

BEAVER SYSTEM PROGRAMS: USER'S MANUAL 

Date: 

Language: 

June 1971 

FORTRAN IV-G 

Programmer: Christopher R. Ryan 

Massachusetts Institute of Technology 
Department of Civil Engineering 

Soil Mechanics Division 

-343-



INTRODUCTION 

The Beaver System is a series of programs designed to eliminate 

tedious hand-calculation and hand-plotting of inclinometer results. 

Data may be read from magnetic tapes or punch cards. Computed 

results are filed on disk. A plotting program produces report-quality 

plots with a minimum of effort on the part of the engineer. Instruc

tions for installing the system are included in the appendix. 

The Beaver System software consists of four programs: 

1. BEAVTAPE. Reads data from tape produced in the field. 

Files data on disk and outputs list of data for inspection 

and one card per hole with the location of the data. 

2. BEA VER. Finds data and appropriate initials on disk, 

computes new deflections, outputs results in a list and 

a rough plot, and files results on disk. 

3. PI.DTROLL. Produces report-quality plots. Also, it 

will list on request the dates for which results have 

been filed on disk for any hole. A purge feature allows 

results to be deleted from the file. 

4. SLPFILE. Adds results stored on cards to disk file. 

The first two programs are production programs and will process 

every data set. The third is a control program and is only used when 

results are to be plotted and to monitor the contents of the files. The 

input and output of the four programs has been simplified as far as 

possible. No knowledge of computer programming is required to use 

any of the programs. 

The present capacity of the Beaver System is 150 (200-foot) holes 
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where data is taken at 6 inch intervals and results computed and stored 

at 1 foot intervals. The number of holes is easily expandable; the 

number of readings per hole is expandable if necessary; the distance 

between readings may be increased to stay within program limits on 

longer holes. 

This manual is designed solely as a user's guide to the Beaver 

system programs. It does not include information applicable to the 

processing of any computer run, the operation of the Computation 

Center or explanations of slope indicator calculations. 

Hole Number and Date Codes 

Due to the complexity of the existing numbering system for slope 

indicator installations it is necessary to assign to each hole a 3-digit 

code number. A list of code numbers must be kept current in the 

office and the field. These code numbers are used internally to refer

ence the filing system. All output will be labeled with both the code 

number and the English language title of the installation. If the disk 

filing system is not used, code numbers are not necessary. 

All four programs have date inputs. To standardize these input s 

they will all be converted into 6 digit numbers according to the following 

convention: 

First 2 digits - year 

Second 2 digits - month 

Third 2 digits - day 

For example, the 24th of August 1970 is 700824. 
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PROGRAM MANUAL 

BEAVTAPE II 

This program translates a properly formulated tape (see manual 

for field tape format) into a form compatible with BEAVER input. 

Field mistakes are deleted, N-S-E-W runs are cut off at the top to be 

equal length, and the results are filed on disk. For each "run" i.e., 

four directions on any hole, one card is punched out giving the loca

tion of the data. This program is only applicable to the M. I. T. 

system, but is typical of programs needed to process paper or 

magnetic tapes for computer usage. 

Printed output should be checked before the readings are input 

to BEAVER III. 

Input 

1. One card with the coded date punched in columns 1-6. 

Output 

1. List of data as entered on tape, including all "signal 
voltages" and field errors to be erased. 

2. List of data as filed. 

3. Total number of readings recorded in each direction. 

4. Hole identification information, date. 

5. One card (information card) per hole to be used as 
Input to BEAVER III. 

watch For 

1. Obvious errors. 
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2. Gross differences in the length of runs in each axis. 

3. "218" error - "Data Check." This error occurs fairly 
frequ e ntly. It is usually caused by dirt on the tape. 
It does not affect the validity of the results. More than 
two of these on a tape is a signal to clean the tape. 
(Free service, check with Tape Librarian at I. P. c.) 
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PROGRAM MANUAL 

BEAVER 

The BEAVER Program is the heart of the inclinometer system. 

Data is read from a disk file or from cards; initial deflections and 

elevations are read from another disk file or cards. Results are com

puted, a list of deflections and a rough plot output and the results are 

either punched out on cards or filed on disk. 

INPUT 

A. Title card 80 cc, free format 

B. Information card (see Table I) 

C. Installation Title card for Initial Run (if any) 40 cc, 
free format 

D. Initial cards (if any) see format below 

E. Data cards (if any) see format below. 

OUTPUT 

1. Input parameters 

2. Bias check results 

3. List of deflections 

4. Extrapolated defl. on the top of the tube 

5. Rough plot of deflections 

6. Location of results filed on disk. 

Initials 

The term 'initials I used in this manual refers to the deflections 

measured the first time in a given installation. Since the output 

normally requested is the difference between later sets of data and 

initial sets, the initial set is stored and recalled for use in later 
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calculations. To enable instrunwnts with diff(-r1•11t 1·alibrations t.n lw 

interchanged, initials are stored in terms or co1nput1•d clt·l'kdin11s 

rather than the readings themselves. When a later set of data is takl' n, 

absolute deflections are calculated and then movements computed by 

subtracting the initial deflections. When the disk file is used the first 

set of results will be assumed to be the initials. Deflections may be 

compared to later sets of data by submitting an initial deck (s ee format 

below). Results obtained before installation of the disk file may b e 

added to the file using the program SLPFILE. If the Beaver program 

is used to calculate initial deflections a ' 1 1 in c. c. 40 of the Infor

mation Card indicates that a title card will follow. The title will b e 

used to label the file and will appear on all output as well as plots 

generated by PLOTROLL. If the initial deflections are not to be file d 

on disk, do not insert a 1 1 1 in c. c. 40 and do not insert an installation 

title card. 

Elevations of Readings 

Research has shown that changing the vertical interval betwe e n 

readings during the life of installation will yield erroneous results. 

Some installations are initially read at uneven intervals to avoid 

couplings betwee n sections of tubing. Field experimentation has shown 

that field reading time is greatly decreased if a short, regular interval 

is used rather than irregular intervals. One version of the Beaver 

Inclinometer actually reads every six inches automatically. The pro

gram has been set up to select readings that are at, or closest to, 

the elevations stored with the initials and disregard the rest. This 

feature may be bypassed when making initial runs by inputting a value 

of cc 33 for the information card. 

For cases where couplings are to be avoided in initial runs, 
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input a bogus initial deck (see for mat below) with the elevations to be 

used in calculations, and indicate in c. c. 40 that the data is for an 

initial run and is to be filed accordingly. Note that readings are stored 

by elevation not depth and for the case where the top of the tube is the 

reference, input the negative of the depth of each reading. It is impor

tant to decide at the outset of a project whether readings are to be 

stored on the basis of true elevation or with respect to the top of the 

tube, as this cannot be easily changed. 

Readings at the bottom reading point are used to calculate the 

deflection at the point immediately above. The ref ore, the computed 

deflection at the lowest reading point is always zero. If the tube is 

silted up, or for some other reason, the torpedo cannot be lowered 

to the same depth as was attained on the initial run, movements below 

the new depth are set equal to zero. If appreciable movements have 

occurred below the new depth, or if the bottom is kicked out, the 

plotting routine PLOTROLL has a feature that allows a deflection to 

be input for the bottom of the tube. 

Interpreting the Bias Check 

The Beaver program has a feature that allows data to be screened 

before computations are carried out. Errors may be present in the 

data due to joints in the casing or key punching errors. Since readings 

are taken in opposite grooves the readings in, for example, the south 

groove should be the negative of the readings in the north groove plus 

a fixed constant; the addition of two readings taken at the same elevation 

in opposite grooves should be a constant. This constant is called the 

BIAS and it should be independent of the magnitude of the readings. 

(The subtraction of the readings is used for computing deflections. ) 

The Beaver program adds up all the pairs of numbers and com-
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putes a median bias. All readings whose computed 'bias' falls outside 

a limit are then replaced by a distance-weighted average of their 

neighbors. A new 'average bias' can be computed now that gross 

errors have been deleted. All readings whose computed bias falls 

outside a lesser limit are then replaced in the same manner. 

The program prints out the mean and average bias used in this 

computation. A list of readings that have been replaced is also printed 

out. The bias printed out should always be inspected. A bias that 

changes during a short period of time indicates faulty equipment . The 

list of readings printed out should be inspected for a continuous string 

of readings. If several feet of casing has readings replaced the data 

set should be suspect. The usual case is that only data taken in joints 

is replaced. If initial readings avoided the joints the data replaced 

will not be used anyway. A few random readings replaced will not 

significantly affect the results. 

Format of Data Cards (2014) 

If data is punched on cards the first data item should be the 

reading at the bottom of the tube in the north direction, the second 

item would be the second reading from the bottom, and so on. Direc

tions are always input in the order NSEW. At the end of each 'direction' 

a 9999 should be punched; the next direction begins on a new card. If 

no readings are taken in a direction, punch a 9999 in the first slot on 

a card. There should alwa~ be four 9999 entries for every run 

input; the most common error is to forget or to punch the 9999 entry 

out of its slot. 

Twenty data items are punched on each card. Four card columns 

are allowed for the data entry including the sign. Blanks to the right 

of an entry in its four card-column slot are read as zeros. Be sure 
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to punch entries so that the last digit falls in the rightmost card-column 

of the four card column slot. Decimal points are not to be punched. 

Format of Initial Cards (10A4, (9F8. 3) 

A title card with free format precedes the data. The format of 

the rest of the deck is: Elev., N-S. Defl., E-W. Elev., N. S. Defl., 

E-W defl., etc . There are nine entries (data for three elevations) on 

each card. Start with the lowest elevation and proceed up the tube in 

sequential order. Each entry is allowed 8 card columns and must have 

a decimal point. After the last elevation punch a +999. 0 as a marker. 

Remember that the data is referenced by elevation not depth; for tubes 

where the top is the reference point input the negative of the depth. 
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I 
w 
C]1 
w 
I 

cc -
1-3 

5-10 

11-15 

16-17 

18-21 

22-30 

31 

32 

33 

34 

35-38 

Table 1 Format for Information Card 

VARIABLE 

Hole No. 

Date 

Depth (2) 

File No. of Data (3 ) 

Record No. of Data 

Calibration 

Run No. 

Reading Internal Code 

Interval Multiplier 

0 = Subtract Initials - find on disk 
1 = Do Not Subtract Initials 
2 = Subtract Initials - find on cards 
3 = Punch Out Data and Calculate (initials found on disk) 
9 = Punch Out Data but do not calculate 

Order of Axes on Disk(8 ) 

DEFAULT 

. 000132 

1 

(5) 

1234 

3 9 0 = File Results on Disk 

40 

41-50 

51-60 

1 = Punch Results on Cards 
2 = File and Punch 

Find Initial on Disk - 0 
This Run Initial Run - 1, Title Follows 

E-W Calibration (for double axis instrument/
9

> 

Top Elevation of Hole 

See notes on next page. 

0 

0 

UNITS 

Feet 

(4) 

(6) 

FORMAT(l) 

INT. 

INT. 

DEC. 

INT. 

INT. 

INT. 

INT. 

INT. 

INT. 

INT. 

INT. 

INT. 

DEC. 

DEC. 



NOTES 

(1) FORMAT 

INT - INTEGER; no decimal point. 

Blanks to the right of a number in a "slot" are read as zeros. 

e.g .• 14 in cc 1s land 2 would be read as Hole No. 140. 

DEC - DECIMAL; Decimal Point is included. Entry may be 

punched anywhere in the 11 slot. 11 

(2) Depth - this must be the depth from EL 0. 0 to the bottom. 

In most cases El 0. 0 is the top of the tube. 

(3) If the File No. is 6 9 data will be read in from cards. 

(4) The units of CALIBRATION are: 

In. defl. per (number of reading units divided by two) per 

inch of elevation between readings. 

The calibrations of commonly used instruments at M. I. T. are: 

Beaver 

Wilson 

Beaver 

lG Donner Accelerometer . 000132 

Slope Indicator . 0005 

Schaevitz Accelerometer . 0002 

DIGITILT 0. 5G with voltage divided North South -0. 000139 
East West +o. 000135 

(5) Reading Interval Code 

(6) n; 

0 6 11 

1 1 1 

2 2 1 

9 readings taken at the same elevations as the initials 
and only at those elevations. 

For example, if the Reading Interval is 6 in. and n = 2, compu

tations will be performed every foot. If n = 0 or blank the 
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readings closest to the elevation of each initial reading will 

be used. 

(7) If the axes were not read in N-S-E-W order in the field this 

parameter may change them. For example, if field readings 

were taken in the order S-E-W-N, input 2341. 

FOR MOST RUNS NO INFORMATION WILL BE ADDED TO THE CARD 
PUNCHED OUT BY BEAVTAPE II. 
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PROGRAM MANUAL 

PLOTROLL 

PLOTROLL is the plotting and control program for the Beaver 

system. SC4020 plots of results in the disk files may be obtained, the 

contents of the files listed, and members of the files may be purged. 

There are five types of control cards, named: STOP, LIST, 

PURGE, FIXUP and PLOT; each control card has data cards (described 

below) associated with it. There are no restrictions on the order or 

number of control cards. Error statements will be printed if mistakes 

are made. Printed output enables the user to review the program's 

action. 

DEFINITION OF PLOTROLL COMMANDS 

STOP 

This card follows every data set and is immediately followed by 

a / ~'< card. 

Input 

A. STOP cc. 1-4. 

LIST 

Listing enables the user to find out what dates are on file for a 

hole. A list of dates will automatically be made if a date not on file 

for a given hole is specified on a PLOT or PURGE card. 

Input 

A. LIST cc. 1-4 

B. Hole No. (1) cc. 1-3 
Hole No. (2) cc. 5-7 
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If Hole No. (2) is blank the dates on file for Hole No. (1) are 

listed. If Hole No. (2) is greater than Hole No. (1) the listing will be 

repeated for all holes within the range specified by the two hole numbers. 

PURGE 

Purging enables the user to eliminate erroneous results from the 

file. If this is not done the plotting routine will not be able to find cor

rected versions with the same date and run number. 

Input 

A. PURGE cc 1-5 or PURGE cc 1-4 

B. Hole No. cc-1-3 
Date cc 5-10 
Run No. cc 12 (Default $ 1). 

FIXUP 

The Fixup command frees space occupied by "purged" dates. It 

also orders a file by date. 

Input 

A. FIXUP cc 1-5 

B. Hole No. (1) cc 1-5 
Hole No. (2) cc 5-7 

If Hole No. (2) is not blank and greater than Hole No. (1) the operation 

will be carried out over the specified range. 

PLOT 

This command is used to generate report-quality plots of incli

nometer results. The grid specification card generates a grid and 

the line specification card plots data. 

A. GRID SPECIFICATIONS (one card per plot) 

cc 

1-4 

Variable 

PLOT 

Default Units 
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:::, 

:,❖:~c 

6-10 X-scale width 6. inches DEC. 

11-15 Y-scale height 100. feet DEC. 

16-20 X-scale center 0. inches DEC. 

21-25 Y-scale top o. feet DEC. 

26-30 Thesis margins 
l!J 

0. DEC. 

41-80 
:❖:* 

Title (optional) ALPHA 

If thesis margins input is not O. a five inch wide plot will be produced 
instead of the standard six inches. 

If no title is input the title of the hole will be retrieved from disk. 

B. LINE SPECIFICATION (one card per line to be plotted -
maximum is 6.) 

cc. Variable Default Units Format 

5-10 Date INT. 

12 Direction (1 = North, 2 = East) INT. 

14 Run No. 1 INT. 

16-25 Bottom Def!. 0. Inches DEC. 

41-80 Legend (optional) ALPHA 

If no legend is input the date, direction and run number will be used for 

the legend. The bottom deflection entry allows for 'toe kickout' or 

1 optical corrections' to be input. 

NOTE: If lines from more than one hole are to be plotted on the same 

grid, the "automatic" title and legends will be confusing; a title and 

legend should be input for this case. 

Choice of Scales 

Any grid limits may be chosen but a better looking plot will be 

produced by following the following conventions: 
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Y scale width < 1000 ft. 

Y scale width > 100 ft. 

X scale width < 

X scale width > 

9 in. 

9 in. 

limits integer multiples of 10 

limits integer multiples of 20 

limits and center multiples of 1 

limits and center multiples of 2 

Grids may be pasted together checkerboard fashion to allow larger scales 

by specifying the same plot twice but with two different vertical intervals. 

For example, a large-scale plot of a 180 ft. hole could be obtained by 

specifying one grid to cover from 0 to -100 ft. and the other from -100 to 

-200 ft. Note that horizontal and vertical scale widths must be equal. 
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PROGRAM MANUAL 

SLPFILE 

SLPFILE is a utility program; its sole function is to transfer 

results that have been stored on cards to a disk file. 

Input 

A. Control Card 

cc 

1-3 

5-10 

12 

14 

16 

21-60 

·1,. .. ,_ Ehtry 

Codf_ci:):Iple No. 

Coded date 

Direction O ::: Both 
1 = N. S. 
2 = E.W. 

Initial Run? 0 = No 

1 = Yes 

Run Number 

Default 

0 

0 

Installation Title (only if cc 14 = 1) 

B. Initial deck or output of Beaver program including Title Card. 
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