Observational Approach and Instrumentation for
Construction on Compressible Soils
YVES LACROIX, Woodward-Clyde-Sherard and Associates

This paper describes the observational approach for construc-
tion on compressible soil. This approach consists of using ob-
servations and measurements to evaluate the performance of
structures, both existing and under construction, for the pur-
pose of deciding on corrective measures or improving design
and construction of future structures. The paper contains a
description of simple, practical instrumentation which provides
the necessary quantitative observations. Observations and
measurements, methods of recording, and typical interpreta-
tions are illustrated by case histories.

*THE OBSERVATIONAL approach or learn-as-you-go procedure, as it was often re-
ferred to by Terzaghi, consists of observing and measuring in the field the effects of
successive construction steps on the surrounding soils and structures. The uncer-
tainties usually involved in construction on compressible soils are often overcome by
conservative design, but the added expense of being conservative does not always
guarantee the success of the project. The observational approach often provides a
more satisfactory answer.

The observational approach to engineering problems is possible because, in most
instances, unsatisfactory performance or failure does not suddenly occur but is pre-
ceded by signs that can be recognized. By careful observation using adequate instru-
mentation and by competent interpretation of the results obtained, it is possible to pre-
dict the behavior of the structure being constructed, and the effect of construction on
the adjacent structures. If necessary, changes may be made in the construction pro-
cedures or in the design of the structure, as congtruction proceeds, depending on the
results of the observations.

Field measurements of full-scale structures also provide data which can be used
directly in the design of other slructures with similar soil conditions. The observa-
tional approach is, therefore, of great benefit when a series of structures is built in
stages at the same location, making possible improvement in the design based on prior
experience,

TYPE OF OBSERVATIONS

The most frequent type of observation is the measurement of horizontal and verti-
cal movements. The movements occur in structures, at the ground surface, or at
various depths in the subsoil. The observations may consist of measuring the dis-
placement of reference points or of recording the formation and width of cracks. The
stresses or forces in the soil mass such as those occurring beneath a footing or at the
back of a retaining wall can also be measured, but such measurements are less fre-
quent because this type of measurement is somewhat difficult,

The elevation of the water table and the porewater pressure in the soil are often
important observations because variations in the position of the water table and varia-
tions of porewater pressure with time greatly affect the stability and settlement of
structures on compressible soils.
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The field observations have one characteristic in common. To be usable in the ob-
servational approach, the successive values of the variable must be measured both as
a function of time and as a function of the factors which may influence the variable. In
this manner, the trend of the observations can be established and extrapolation becomes
possible.

Observations can also consist of evaluating or measuring the engineering properties
of subsurface materials during construction, at which time many measurements are
possible at a reasonable cost. Although this type of observation is a part of the obser-
vational approach, the methods employed for determining the engineering properties
of soils in situ are not discussed in this paper.

INSTRUMENTATION AND OBSERVATION PROGRAM

An instrumentation program consists of three phases: (a) installation of instrumenta-
tion, (b) observations and readings, and (c) interpretation. Because all the phases are
equally important, every effort should be made when planning an instrumentation pro-
gram to allot sufficient time and money for the satisfactory completion of the latter
phases.

The instrumentation and observation program should be designed by an engineer
having considerable experience in this field. The engineer should have sufficient au-
thority so that he can carry out the field program with the cooperation of all the parties
concerned. It is essential that the main objective of the instrumentation program be
well defined and understood in advance.

The proportion of field instruments which become inoperative is usually high and it
is advisable to use a greater number of instruments than would otherwise be necessary.
Although initial readings are taken on all the instruments, regular readings may be
limited to a selected number of instruments. The instrumentation should be installed
at locations determined by a compromise between adequacy of data obtained, protec-
tion from construction activities, and ease of reading.

The recording of field readings should be facilitated by the use of adequate survey-
ing equipment, convenient measuring scales, and clear and complete data sheets. The
use of a mixture of units such as feet, inches, centimeters, and non-decimal fractions
should not be permitted. The numbering system of the instruments should not be
changed during the progress of the work.

Every effort should be made to obtain reliable zero readings, and there should be
no doubt about the validity of calibration charts to which all subsequent readings are
referred. If the instruments can be retrieved at the end of the program, the zero
readings and calibrations should be checked. A field reading generally cannot be
checked when an error is discovered at the time the results are interpreted. This lack
of control should be compensated by taking the same measurement several times.

The results of the field observations should be assembled, as soon as they become
available, in easily readable tables which exclude intermediate calculations. The data
should be plotted to a carefully chosen scale to permit distinction between random
variations and trends in measurements. It is often useful to compare a plot of the main
variable vs time, with a temperature chart, river level chart, or other secondary
variables plotted vs time.

INSTRUMENTATION

The field instrumentation should be as simple as possible because complicated in-
struments often become inoperative. Simplicity should be preferred to accuracy be-
cause in foundation engineering it is generally only necessary to obtain answers with
an accuracy of 15 percent. The effects of climate and weather should be taken into
account in choosing instrumentation, as perfect waterproofing and protection from
freezing are very difficult to achieve. The instrumentation should be designed to pro-
vide readings which are not affected by temperature, because the fluctuation of out-
door temperatures is commonly rapid and erratic. Instruments should be designed
for a well-defined purpose. Multipurpose instruments should not be used when the
main purpose of the instrument is compromised.
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The following paragraphs describe a list of instruments which fulfill the demands of
most instrumentation programs. More detailed descriptions of the instruments are
available in the technical literature.

Bench Marks and Reference Points

Permanent bench marks of known reliability are an important requirement when
measuring settlements or heaves. In many instances special installations are required.
At least two permanent bench marks should be provided as there is always the possi-
bility that one may be destroyed. If the permanent bench marks are some distance
from the site, temporary bench marks should be installed at more readily accessible
locations. The relationship between the temporary bench marks and the permanent
bench marks should be determined, from time to time, to assure the continued relia-
bility of the temporary bench marks. Many types of bench marks are described in the
references.

Reference points, ranging from bronze screws set in masonry to simple scratch
marks, may be placed on slructures. The type of reference point used depends on the
type of measurement and the duration over which the measurements are to be carried
out, a more elaborate and better protected reference point generally being required
for measurements extending over a period of years.

Surface Settlement and Lateral Movement Rod

Many types of reference points may be installed to permit the measurement of set-
tlement, heave or horizontal movement using ordinary surveying methods. The surface
settlement and horizontal movement rod shown in Figure 1 has been found convenient
for installation at the surface of embankments. The measurements can be made (o an
accuracy of 0. 01 ft.

Foundation or Embankment Settlement Plate

The foundation or embankment settlement plate shown in Figure 2a provides a means

of measuring the settlement at a point in a foundation or embankment as fill material

is placed. A base plate is placed on the foundation or embankment at a specific eleva-

tion and, as the fill is constructed, steel pipe sections are progressively extended
vertically. Elevations of the pipe sections
are measured before and after each addi-
tional section is placed. Because it is
necessary to add successive-lengths of

/—HtFEREch POINT pipe and because of the necessity of suc-

CAP =

STEEL COLLAR———

EMBANKMENT cessive surveys when adding (he pipc sec=

CONCRETE PAD

tions, the accuracy of the settlement value
is rarely greater than 0.1 ft.
FILLED WITH VERMICULITE If the lower cnd of the pipe is perfo-
of. :SOFT (FILLER MATE“’“'-*\ rated it provides a means of measuring
water levels in the embankment. If ref-
STEEL PIPE —— | erence pipes of two different diameters
AUGER HOLE ———— are provided, so that one pipe can tele-
& scope over the other, the settlement of
plates at two different levels in the em-
CEMENT GROUT——~_ bankment may be measured by one instal-
I" DIAM. DEFORMED lation, as shown in Figure 2b.
STEEL ROD-——\ 7
LENGTH OF ROD TO BE Water Level Settlement Gage
$§‘EEND'ENT§Q”S.“N“§)“FN”T = ‘ The foundation or embankment settle -
THE! FIEED: Semsmade=™ ment plate described in (he preceding sec-

tion requires that pipes be extended verti-
Figure 1. Surface settlement and lateral move- cally through the fill at the location of the
ment rod. plate, interfering with construction of the



63

PIPE PLUG SURFACE OF ~
COUPLING EMBANKMENT

CONCRETE PAD

2ll
= : =
~CUT LENGTH ‘
TO FIT
tHH —4" DIAM,
fSTEEL PIPE

5' SECTIONS |
As REQUIREDA\

3 B
~~LUBRICANT TO

e
T FLUSH COUPLING DECREASE PIPE-
OR WELD STEEL PLATEZ SOIL ADHESION

—
¥

IITIIID
] .—l\"
3 LUBRICANT TO
5' 1172" DIAM. DECREASE PIPE-
(2'x2") 12" STEEL PIPE SOIL ADHESION
STEEL P'-ATE‘: FLANGE OR WELD
a. TYPICAL INSTALLATION b. DOUBLE INSTALLATION
|
OUTLINE OF 7
EMBANKMENT NUMBERS [INDICATE

SUCCESSIVE OPERATIONS

4 AND EMBANKMENT
REFERENCE PIPE Qh OUTLINE
N A %

c. INSTALLATION SEQUENCE
FOR REFERENCE PIPES

Figure 2. Foundation or embankment settlement plate.

fill. The water level gage shown in Figure 3 can be used to measure the settlement
within an embankment with respect to a point located at the same elevation outside of
the embankment. The device can also be used to measure the settlement of the back
of a retaining wall as shown in the figure. The accuracy of the measurement is rarely
greater than 0. 05 ft.

Device for Measuring Heave of Bottom of Excavation

The heave of the bottom of an excavation can be measured by installing the heave
point shown in Figure 4a within the soil mass prior to excavation. The heave point is
attached to rods and pushed into the soil until it has reached the elevation at which
heave is to be measured. The rods are then disconnected from the heave point and
withdrawn. Alternatively, if the upper soil strata are too hard, the heave point is
lowered to the bottom of a boring which penetrates the hard strata, and the heave point
is pushed through the softer soils until it reaches the desired elevation as shown in
Figure 4b. The elevation of the top of the point is recorded at the time of installation
and again at the time the point is retrieved on completion of the excavation. The ac-
curacy of the measurements is rarely greater than 0. 05 ft,
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Wilson Slope Indicator

The Wilson slope indicator is an instrument for measuring deflections at depth.
The instrument consists of a tiltmeter, a control box, an electric cable, and a 3-in.
grooved aluminum casing which is installed in a 5-in. boring. The tiltmeter consists
of a pendulum which, when activated by an electrical current, moves a conductor
against a resistance and subdivides it into two resistances forming one-half of a Wheat-
stone bridge. The other half of the bridge is located in the control box. The pendulum
is enclosed in a cylinder about 2. 5 in. OD and about 15 in. long. The tiltmeter cylinder
is lowered into the aluminum casing by means of the electric cable and is kept in the
constant azimuth of one set of grooves. Because the casing contains four grooves at
right angles, the angle between the vertical and the casing can be measured in two
rectangular directions. By integration of the readings, which are made at several
depths, at different times, the successive deflections of the casing can be calculated.
If the casing is fixed to a structural member, the bending moments in the member can
be calculated from the deflection of the member, taking into account the structural
properties of the member. The maximum angular deviation that the tiltmeter can
measure is about 8 deg from the vertical. The accuracy of the readings is about 0. 001
radians which corresponds to about 1 in. in 100 ft. However, under favorable condi-
tions displacements as small as 0.1 in. may be measured.

Piezometers

In relatively pervious material with a coefficient of permeability k>10~* cm/sec, a
wellpoint piezometer of the type shown in Figure 5a may be employed. A typical instal-
lation of such a piezometer is shown in Figure 5c.

In fine-grained soil with k<10~ em/sec, a porous cylinder is used in place of the
wellpoint. This cylinder may consist of plastic which is or is not surrounded by a
sand filter. The porous cylinder has a lead consisting of plastic tubing extending to the
ground surface. A typical plastic porous cylinder piezometer is shown in Figure 5b.

The water level in piezometers may be determined by means of an electrical probe.
This probe basically consists of a thin double-conductor electric cable. The conductors
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at one end of the cable are connected to an ohmmeter and battery; the other end of the
cable is introduced into the piezometer tube. When the conductor at the lower end of
the cable comes in contact with the water, a sharp variation in resistance is indicated
on the ohmmeter. If the piezometric level is higher than the top of the lead tube it may
be measured by a Bourdon gage.

Because it is not possible to push an electric cable into the lead tube of a piezometer
over great horizontal distances, ancther type of reading device may be used. The out-
let of a small diameter air tube is connected to the lead tube at a predetermined eleva-
tion which must be below the lowest expected piezometric level. The vertical distance
between the outlet of the air tube and the piezometric level is calculated from the air
pressure which must be applied to the inlet of the air tube in order to produce a small
air flow. The inlet of the air tube can be located in any convenient place outside the
construction area. A piezometer equipped with an air tube is referred to as an air-
activated or bubbler piezometer, which is described in the references.

Strain Gages

Several types of strain gages can be used to measure the strain occurring in a struc-
tural member under load. Some of the instruments available include the Whittemore
mechanical gage, the Baldwin SR-4 electrical gage, and the vibrating wire gage.

The Whittemore gage consists of a frame formed of two parallel bars connected near
their ends by spring fulerum plates which prevent motion of one bar relative to the other
except in a longitudinal direction. A steel point is attached to one side of each bar.

The steel points are inserted in small holes drilled in the member. The gage is 10 in.
long and the relative motion of the bars is measured by a dial micrometer graduated to
read 107* in. ; thus, unit strains as low as 107° can be measured with the gage. Al-
though the Whittemore gage is accurate enough for foundation engineering, a very
meticulous operator is required and readings are time consuming.

Baldwin SR-4 strain gages operate on the principle that the electrical resistance of
wires attached to a structural member is related to the change in length of the wires
as a result of strain in the member. These gages must be waterproofed and extreme
precautions must be taken to keep the resistance of the electrical connections constant.
Baldwin SR-4 strain gages can be incorporated in a load cell as shown in Figure 6.

This type of load cell has been successfully employed for a period of nearly a year as
outlined in the case history given later,

Vibrating wire strain gages typically consist of a steel tube with circular steel plates
attached to each end of the tube. An axial pretensioned wire is stretched between the
center of the plates, and an electromagnet within the instrument plucks the wires and
picks up its vibrations. Strains, due to the luad lo be measured, arc transmitted to
the tube and to the wire altering the frequency of the wire. The gage is read by tuning
a similar wire in a receiver to the same frequency as the wire in the instrument by ob-
serving traces on a cathode ray tube. The vibrating wire gage has the advantage that
changes in the properties of the electrical circuit do not alter the frequency of vibra-
tion of the wire. However, the gage is not yet commonly employed.

Earth Pressure Cells

The earth pressure at the interface of a structure and soil, and the earth pressure
within a soil mass, may be measured with earth pressure cells. Howcver, such meas-
urements are difficult and are usually limited to special projects.

The Carlson stress meter, which is deseribed in Lhe references, is solid and suffi-
ciently sensitive and reliable provided it is properly installed. However, in common
with electrical gages, difficulties often arise in measurement due to changes in the
resistance of electrical connections. Vibrating wire pressure cells which eliminate
this problem, are to be preferred but are expensive.
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CASE HISTORIES

Observation of an Anchored Wall in Montreal

This case history describes the observational techniques and instrumentation em-
ployed in the construction of the side walls of a deep excavation for the Berri-
DeMontigny subway in Montreal.

The excavation through strata of sand, silt, and very dense till was extended to a
depth of about 60 ft into shale (Fig. 7). The excavation was supported by a wall



68

consisting of 30-in. diameter reinforced concrete drilled piers at 10-ft centers with a
gunite membrane between the piers. The piers were tied back with steel cables an-
chored into the shale outside the excavated area. The excavation was close to streets,
utilities, and multistory buildings founded on shallow spread footings.

The instrumentation consisted of reference points on the surrounding buildings and
on the top of the piers (Detail A, Fig. 7) and of load cells in selected tie-backs. The
load cells, which incorporated Baldwin SR-4 strain gages (Fig. 6), were designed for
a maximum load of 400 kips. Calibration readings taken before and after use indicated
that the drift in the zero readings was no greater than five kips.

Because of the large size of the excavation and the number of reference points, it
was impractical to survey all of them at frequent intervals. However, all the reference
points were surveyed two or three times after they were installed to obtain a good set
of initial readings. Then, regular observations were limited to selected areas, the fre-
quency of the readings at any one location being dependent on the trend indicated by
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previous measurements at the location. If abnormal movement had occurred in areas
not surveyed regularly, the availability of the reference points and the initial readings
would have permitted a measurement of the total movement.

When the tie-backs were installed they were pretested to a load at least equal to the
design load. The load was then released to a prestress load equal to about 75 percent
of the design load. As the excavation was continued the load in the tie-backs increased
but not to the extent anticipated in the original design, and it was possible to reduce the
number of tie-backs at some locations by as much as 30 percent.

The results shown in Figure 8 are typical of the observations which were made on
the wall (Fig. 7) during the winter of 1964-1965, when the depth of the excavation did
not change. The deflection of the wall in the direction of the excavation was not sig-
nificant until the middle of November 1964 when freezing temperatures first began to
occur (Fig. 8a). In early December, overflow and leakage from a sewer saturated the
silt behind the wall. The load in the tie-backs and the deflection of the wall increased
sharply, probably due to freezing of the material behind the wall. Although the wall
moved back slightly during a period of mild temperatures in December, the deflection
continually increased during prolonged freezing temperatures. By the middle of Janu-
ary the total deflection was of the order of 2 in. Further movement of the wall was
considered undesirable because settlement of the adjacent building was likely to occur.
The lateral movement was attributed to freezing of the material behind the wall, and
heating of the wall was adopted as a remedial measure.

An enclosure consisting of a timber framework and a plastic covering was installed
around the wall adjacent to the building. The temperature within the enclosure was
maintained at about 36 F. The wall moved back soon after heating began and the total
deflection remained at about 1 in.

The loads in two typical tie-backs during this period are shown in Figure 8b, The
load in tie-back 3, located within the heated portion of the wall, did nol increase any
further once heating was begun. The load measured in tie-back 6, in an adjacent un-
heated wall, increased during the entire cold period and did not decrease until the
weather became mild in the spring.

At this site, the observations indicated that (a) the design assumptions as to the
magnitude of the earth pressure were conservative—several tie-backs could be safely
omitted; and (b) prolonged freezing temperatures caused an increase of the load in the
tie-backs and of the deflection of the wall. When the maximum permissible deflection
of the wall had been reached, heating of the wall was effective in preventing further
deflection.

Observation of a Braced Excavation in Chicago

This case history describes the observational lechniques and instrumcntation em-
ployed by the Chicago Park District in the construction of a braced excavation for an
underground garage.

A sheet pile wall was driven around the periphery of the site through sand fill and
soft clay to a layer of stiff clay (Fig. 10b). The foundation of the garage consisted of a
slab constructed on the soft clay; such a solution proved feasible as the weight of the
garage was less than the weight of the excavated material.

Because of the proximity of major buildings, including the Chicago Orchestra Hall
and the Chicago Art Institute, the construction of the garage was to be undertaken in
such a manner that the movements of the surrounding area would be minimal. Pro-
visions were made to obtain readings of deflection of the sheet pile wall using the Wil-
son slope indicator during the construction period. The instrumentation also included
reference points on adjacent buildings and on the sheet pile wall, Heave measuring
devices were installed at the foundation level of the proposed garage.

The construction of the garage was done in stages as shown in Figure 9. The suc-
cessive deflections of the sheet pile wall at one typical location, measured using the
Wilson slope indicator, are shown in Figure 10a. These deflections have been plotted
assuming that the bottom of the wall did not move. From October 24, 1963, when the
slope indicator was installed, to March 26, 1964, when exeavation was started in this
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area, the sheet pile wall remained vertical, as shown by the slope indicator readings.
Initially, only the material in the center of the garage was excavated and a wedge of
soil was allowed to remain against the sheet pile wall. The foundation slab in the center
of the garage was constructed and the upper strut installed and prestressed (Stage A in
Fig. 9a). Just before the upper strut was prestressed the wall had deflected as shown
by the curve for April 22, 1964, in Figure 10a. The soil against the sheet pile wall
was excavated in sections and the middle and lower struts were installed and pre-
stressed (Stage B, Fig. 9b). At this stage, the deflections of the wall were as shown
by the curve for June 3, 1964, (Fig. 10a). The foundation slab was extended to and
poured in contact with the sheet pile wall. As soon as the strength of the foundation
slab was sufficient to provide an effective support for the wall, the lower and middle
struts were removed, which greatly facilitated construction (Stage C, Fig. 9¢c). After
removal of the lower strut and just prior to the removal of the middle strut, the de-
flections were as shown by the curve June 9, 1964, in Figure 10a. The floors of the
garage were constructed leaving openings for the upper struts and these struis were
removed after the top slab was installed (Stage D, Fig. 9d). The deflections of the
wall at this stage were as shown by the curve for October 14, 1964, in Figure 10a.
Subsequent observations of the wall showed that the deflection remained constant.

The result of the optical survey shown at the top of Figure 10a confirms the trend
of movement of the sheet pile wall during the various construction phases. However,
the optical survey data show greater movement of the top of the wall than the slope in-
dicator readings. Better agreement can be obtained between the optical survey and the
slope indicator readings by assuming that the bottom of the sheet pile wall moved about
7 in, between March 26 and April 22, 1964,

At this site, the observations confirmed the predicted behavior of the wall and
established that the deflections were minor and would not affect the adjacent buildings.
The slope indicator readings showed that deflection of the sheet pile wall extended be-
low the bottom of the excavation at all construction stages. Although such deflections
are unavoidable, they are at a minimum when the struts are placed at a close
vertical spacing. The removal of the intermediate struls after pouring the foundation
slab caused only small deflections which indicate arching of the soil between the upper
strut and the foundation slab. The heave of the foundation was small, on the order of
Ve in. Therefore, recompression of the clay due to loading from the garage was small.

Observation of Groundwater Table at an Industrial Site

This case history illustrates the use of instrumentation in determining the ground-
water-table-at-an-industrial site.

The site was located on a river terrace and the soils consisted of alluvial deposits.
The soil stratification was irregular, the materials consisting of sand and gravel wilh
variable amounts of silt. Most of the foundations consisted of spread footings con-
structed at a wide range of depths below the origiual ground surface, depending on
grading requirements in various areas of the site. It was also desirable to establish
the footings above lhe water table to avoid disturbance of the granular materials and to
facilitate construction. Instrumentation was therefore installed to determine the ground-
water table.

The instrumentation consisted of piezometers installed in selected exploratory bpr_-
ings. The tips of the piezometers were placed at varying depths and were surrounded
by a sand filter. The upper porlion of each boring was filled with cement grouf to pre-
vent ingress of runoff water. The water table as shown by the water level in the piezom-
eters was observed at frequent intervals:

The position of the water table as measured in the piezometers was confirmed when
excavations were made for the footings, with the exception of one particular area where
the water table was higher than anticipated. The soil stratification in this area con-
sisted of loose silty sand from the ground surface to a depth of 10 ft, medium-dense
gravelly silty sand from 10 to 18 ft, and very dense sand and gravel below 18 ft, (Fig.
11). The tip of the piezometer was located in the dense sand and gravel at a depth of
30 ft and the water level measured in the piezometers was at a depth of 15 ft. However,
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Figure 11. Indusirial site: soil conditions and water table observations.

on excavation the water table was encountered 5 ft higher than anticipated on the basis
of the piezometer readings. The relevance of the piezometer readings was therefore
re-examined.

The relatively impervious nature of the gravelly silty sand stratum had not been
recognized, in that this stratum was impervious enough to permit the development of a
perched water table at a depth of 10 ft. This perched water table was not disclosed by
the piezometer because the tip of the piezometer was located in the underlying pervious
sand and gravel. The water table as implied by measurements of water levels in
piezometers must, therefore, be critically interpreted in conjunction with the soil pro-
file.

CONCLUSIONS

Because it is frequently impossible to predict the behavior of compressible soils in
advance, engineers and contractors must often resort to radical and expensive solu-
tions or accept an unknown risk. The observational approach reduces the number of
cases in which such alternatives are necessary because it is possible to learn as you
go on the basis of field observations. The observational approach also provides useful
data for the design of new structures in similar soil conditions.

The observational approach requires adequate instrumentation and competent record-
ing and interpretation of the results. Good organization of the field program is a pre-
requisite and cooperation among the owner, engineer, and contractor is essential.

The observational approach is widely accepted on projects such as large earth dams.
There is no reason why it should not be applied to smaller projects.
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