
Control and Performance During Construction 
of a Highway Embankment on Weak Soils 
VICTOR ELIAS and HERBERT STORCH, Storch Engineers 

•METHODS of controlling embankment construction over compressible and weak foun
dations to ensure safety against shear failure along a circular arc are described in this 
paper. The design and construction performance of a highway embankment constructed 
in Revere, Massachusetts, on Interstate 95 by the Massachusetts Department of Public 
Works over deep compressible deposits of Boston Blue Clay are described, with em
phasis on the methods of construction control used to ensure stability against circular 
shear-type failures during construction. 

The use of a recently developed ICES computer program to compile construction 
control charts based on effective stress stability analyses, which relate the factor of 
safety to the measured pore pressures, is presented, and assessment is made of its 
value. Detailed results of site measurements of excess pore pressure, settlement, 
and horizontal deformations are presented to indicate the magnitude and value of these 
measurements in controlling the rate of construction and in delineating areas in which 
remedial measures are warranted. A comparison between predicted and measured 
excess pore pressures is made to assess the applicability of some current theoretical 
methods of analysis in predicting stability of embankments by the effective stress 
method. Conclusions are drawn on the applicability of the effective stress method of 
stability analysis used in conjunction with on-site pore pressure measurements to 
compile field control charts for use in controlling the rate of embankment construction. 

THE SITE AND SOIL CONDITIONS 

The portion of Interstate 95 described is part of the federally assisted Interstate 
Highway Program being constructed north of Boston in a low tidal swamp area. The 
project, approximately 2.3 miles long, begins at the existing Cutler Circle in Revere, 
Massachusetts, and ends at the Saugus River in the town of Saugus, Massachusetts. 
The project consists of a moderately high embankment that will carry eight lanes of 
traffic. The roadway was designed and is being constructed by the Massachusetts De
partment of Public Works. 

The entire roadway alignment is located in the low tidal swamp area that is roughly 
bisected by the Pines River. Existing ground elevations average +5 (U.S. Geologic 
Survey), and the entire project area is subject to tidal inundations. Borings disclosed 
that the entire site (Fig. 1) was covered with a surface deposit of brown fibrous peat, 
sometimes underlain by soft organic silt, with a total thickness ranging from 2 to 26 ft. 
Below this level, loose to medium-dense, gray, silty, medium to fine sand deposits 
were encountered ranging in thickness from 2 to 30 ft. · 

Underlying the sand, a thick stratum of inorganic clay known as Boston Blue Clay 
was encountered, varying in consistency and color from stiff and light gray at the top 
to very soft and blue-gray. This clay stratum varies in thickness from a minimum of 
30 ft to a maximum of 180 ft within the proposed areas of construction. Below the 
clay a thin mantle of dense, gravelly, glacial till and gray shale bedrock was encoun
tered at depths ranging from 90 to 204 ft. 
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Figure 1. Geotechnical data. 
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Laboratory testing was performed to determine the shear and compressibility char
acteristic of the deep blue clay deposit. The blue-gray clay is inorganic and occa
sionally stratified, with thin lenses of silt and sand throughout. The lower moisture 
contents and shear planes produced by desiccation in the upper portions of the clay 
stratum indicate it to be overconsolidated (0. C .) at least to an elevation of - 50. Shear 
and compressibility characteristics obtained from results of laboratory triaxial and 
standard oedometer tests are given in Table 1. 

The measure of compressibility given in Table 1 applies for the virgin portion of the 
consolidation curves only. Jn the 0. C. clays the recompression index (CR) averaged 
0.075. Time-settlement relationships were studied both from laboratory relationships 
(log-time method) and by evaluation of past performance of a nearby 400-ft-long test 
embankment constructed in 1957. The modulus of elasticity (Es) of the composite clay 
stratum was back-figured by comparing the field settlement records obtained from the 
initial stages of consolidation at the 1957 test embankment. Based on this "approach, 
a composite modulus of approximately 7,000 psi was obtained. 

The friction angle at maximum obliquity in terms of effective stress and the varia
tion of pore pressure parameter (Ar) with 0. C.R. ratio was studied from a series of 
consolidated undrained triaxial tests with pore pressure measurements. 

TABLE 1 

AVERAGE SOIL PROPERTIES, BOSTON BLUE CLAY 

Cc Cv 
Su ¢ c Soil r:+Ta f2 (psf) (deg) (psf) AF O.C.R. 

day 

O.C. clay 0.10-0.18 0.15 1100-600 23 400 -0.1 to 6 - 1 
+0.5 

N. C. clay 0 .18-0.24 0.40 500-800 26 0 0.75 
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DESIGN CONSIDERATIONS 

The use of embankments throughout necessitated an evaluation of the settlement to 
be expected from the compression of the deep deposit of clay. The compression of the 
surface peat was not considered, as its removal was decided on at the inception of the 
project. Settlement studies by oedometer methods modified by the inclusion of imme
diate settlement, as suggested by Skempton, indicated a range of settlements to 3.5 ft 
over a period of up to 25 years. The magnitude and rate of settlement at the end of 
construction were estimated at 4 to 8 in. per year and were deemed unacceptable. 

Studies were undertaken to determine procedures that would cause settlements to 
occur prior to final grading and paving and would keep the continuing long-term settle
ment within tolerable limits. The use of surcharge or overloads for periods of up to 
2 years prior to pavement construction to induce settlements was adopted as the most 
economical method, in view of the anticipated reuse of the surcharges for the construc
tion of a future interchange within the work limits. Analysis of surcharge requirements 
indicated the need of surcharge up to 23 ft to induce the desired settlements within the 
required time. 

Stability analyses of these high surcharged embankments, based on total stress 
methods utilizing unconsolidated undrained triaxial test (UU) and unconfined compres
sion test (U) shear strengths, indicated a factor of safety varying between 0.75 and 0.9. 
Based on these low calculated factors of safety, effective stress analyses were made 
to better understand the relationship of pore pressure generation and dissipation on the 
safety of construction and to take advantage of higher shear strengths indicated by CU 
tests. For these computations, pore pressures were predicted by the relationship pro
posed by Skempton: 

with stress increments computed by elastic theory and the pore pressure coefficient 
(Af) obtained by laboratory methods. The response of pore pressure to load (PPR), 
defined as the ratio of instantaneously generated pore pressure to the vertical pressure 
increment at a given load, was then modified to reflect the dissipation of pore pressure 
during construction, as given in Table 2. 

Stability analyses for embankments to elevation +40 based on these pore pressure 
relationships and effective shear strength parameters indicated a factor of safety rang
ing from 0.95 to 1.05. Based on these results, it was concluded that construction was 
feasible if sufficient construction control by in situ instrumentation was provided for 
and if provision was made in the contract for a controlled rate of fill placement as well 
as the inclusion of requirements for stabilizing berms and waiting periods, the need 
and extent of which would be determined in the field during the progress of construction. 

FIELD INSTRUMENTATION 

Instrumentation was selected to measure horizontal and vertical movements as well 
as piezometric pressures at the centerline of embankments. Open, porous tube, 
Casagrande-type piezometers were selected to measure centerline foundation pore 
pressures and were installed at 20 locations, each generally having three piezometers 

TABLE 2 

RATIO OF PREDICTED PORE PRESSURE 
RESPONSE {PPR) TO LOADING 

Embankment 
Elevation 

(+ M. S.L.) 

20 
30 
40 

O.C. Clay 

0. 54 
0. 51 
0.49 

N.C. Clay 

0 .63 
0 .60 
0.57 

at various depths. Prior use of Casagrande 
piezometers in the Boston area established 
that the developed time lag was tolerable 
when used for large fill projects. In addi
tion, their lack of hardware, gages, etc., 
above ground makes them suitable for instal
lation in urban areas where the incidence of 
vandalism is very high. The inclinometer 
selected was the Wilson slope indicator. The 
inclinometer casing, in 5-ft sections, was 
jointed together with telescoping couplings, 
attached by four hollow rivets that would 



63 

break under a weight of approximately 250 lb and allow the casing to slide within each 
joint for a maximum distance of 6 in. per joint. Casings through the clay strata and 
into the glacial till were installed at cross sections, each section having four casings. 

Settlement plates consisting of 4 ft by 4 ft steel plates with 2%-in. riser pipes 
welded to the plate were installed at the bottom of the excavation. Settlement anchors 
or plugs designed to measure the incremental settlement of the clay were installed at 
three locations, each location consisting of three anchors embedded at various depths. 
The anchors were of the Borras type. Displacement stakes of a simple crossarm de
sign were installed at regular intervals near the toe of the embankment and at a dis
tance of approximately 100 ft from the toe. 

Settlement, piezometric levels, and horizontal deflection patterns occurring laterally 
from the centerline were monitored at a separate instrumented research section with
in the project under the direction of the Massachusetts Institute of Technology. The 
problem of data acquisition, management, storage, and immediate evaluation was 
partially solved by the placement of a small electronic computer in the field office to 
perform all repetitive and programmable computations. The time-consuming slope
indicator computations were performed in the field office on an Olivetti Underwood 
Programa 101 computer at the end of each day, and results were plotted the next morn
ing. The stability analyses were updated weekly or as necessary by use of commer
cially available IBM 306/75 computers, where new input could be entered by telephone 
from the field office. 

T':!e total cost of the instrumentation was approximately $170,000, not including the 
cost of the research section. Instrumentation installation was made a part of the gen
eral construction contract. 

EMBANKMENT CONTROL CRITERIA 

The embankment instrumentation at this site was installed primarily to control the 
rate of filling, ensure safe construction, and determine the need for counterweight 
berms. The secondary objective was to monitor the long-term settlement behavior of 
the foundation in order to determine the appropriate time of surcharge removal. 

Where the stability of embankments is marginal and successful completion of the 
project is dependent on the increase of shear strength resulting from the partial dis
sipation of pore pressure, it is essential that the rate of construction be closely con
trolled using the results of field measurements. For this approach to be used ef
fectively, it is necessary to prepare in advance a set of control charts that directly 
relate the calculated factor of safety to the measured excess pore water pressures 
for the given height of embankment. These analyses were performed by computer 
methods using the commercially available version of the ICES lease program that uses 
an approximate form of the limit equilibrium approach as developed by Bishop to esti
mate the factor of safety of a slope or embankment. It also computes the factor of 
safety by the Fellenius method of slices, which serves as a first approximation for the 
Bishop method. 

Circular arc effective stress analyses, using the ICES computer program, studied 
stability as a function of the pore pressure ratio Ru = (pore pressure/vertical total 
stress) in conjunction with soil strength parameters obtained by laboratory investiga
tions. The lateral distribution of pore pressures can be represented by dividing the 
foundation into a number of zones within which the excess pore pressure is equal and 
is related to the excess pore pressure under the centerline by a factor determined by 
theoretical calculations or field measurements. Typical lateral distribution measured 
at the research section for the N. C. clays is shown in Figure 2. 

The initial computations were made when the embankments had reached about half 
of their final height and at which time the pore pressures and their lateral distribution 
had developed a recognizable pattern. The early pore pressure data, in addition, in
dicated that the embankments could be idealized by two typical sections differentiated 
by the thickness of the in situ sand layer above the clay foundation. The critical sec
tion, having the thin natural sand layer, was characterized by higher pore pressures 
and larger vertical and horizontal deflections under the same load. Details of the 
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Figure 2. Lateral distribution of pore pressure, N.C. clay. 

parameters used for a typical stability analysis for this critical section are shown in 
Figure 3. 

In order to interpret the results of the stability analyses summarized in Figure 4 
in a manner most useful for field control procedures, it was necessary to select a 
value below which the factor of safety would not be permitted to fall during construc
tion. Because of local foundation variations and questions of applicability of this method 
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Figure 5. Effect of pore pressure variation on the 
factor of safety for a typical 40-ft embankment. 

of analysis at a failure condition, the low
est limit for a construction factor of safety 
was established at 1.1. 

Examination of these initial stability 
charts indicated that this limit might oc
cur when embankments reached an ap

proximate elevation of +35 or 5 ft short of completion_ Study of the failure circles for 
these heights indicated that the critical circles were largely affected by the pore pres
sure in the 0. C. clays and that control iu this zone within tole·rable limits would en
sure safe construction.. Additional stability studies were undertaken for embrullonents 
to an elevation of +35 and +40 in which the pore pressures in the 0. C. clay were varied 
to determine the maximum pore pressure permissible during construction. 

The resulting typical control chart for embankments to final elevation is shown in 
FiguTe 5, in which the factor of safety is plotted as a function of the pore pressure 
ratio Ru. By use of these charts, field personnel were able to immediately interpret 
the measured pore pressures and decide whether the factor of safety was sufficient to 
permit additional lifts to be placed. Jn addition to the control exercised by pore pres
sure devices, settlement plate and inclinometer data we.re used during construction in 
delineating problem areas. 

EMBANKMENT PERFORMANCE 

Construction at the site began in the summer of 1967, continued through the winter 
of 1967-68, and was halted for the winter of 1968-69 at a time when embankments had 
reached an app1·oximate elevation of +35. After complete excavation of the surface 
organic soils, fill brought to the site by railroad from New Hampshire was placed in 
lifts not exceeding 1 ft at a .rate of 1 ft per week. 

The weekly rate of fill placement from May to November 1968 ave1·aged 125,000 
cu yd per week, which was the practical limit for this operation. The total anticipated 
volume of fill for the project was approximately 3, 700,000 cu yd, and an allowance for 
800,000 cu yd for stabilizing berms was provided for on a contingency basis. 

The rates of pore pressure generation and dissipation for typical cross sections are 
shown in Figures 6 and 7. Because the rates of pore pressure generation at the various 
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TABLE 3 cross sections were fairly constant, it was 
possible to relate the increases in maximum 
pore water pressures to the corresponding 
increases in loading with some degree of ac
curacy throughout the construction phase. 
These relationships are given in Table 3 as 
factors showing the measured pore pressure 
response to loading (PPR) at various stages 
of construction. Lateral distribution of pore 
pressures monitored in detail at the research 
section yielded consistent data. 
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Figure 10. Measured deflections for a high embankment. 
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Surface settlements were measured by settlement plates at the centerline through
out the project. Typical settlements of embankments constructed over various depths 
of compressible clay are shown in Figure 8. The incremental settlement measured at 
a typical settlement anchor is shown in Figw·e 9. Horiz.ontal deflections were mea
sured as soon as the settlement plates indicated vertical movements . Typical hori
zontal deflections measured are shown in Figure 10. 

Embankment construction proceeded until November 1968 when embankments had 
reached an approximate elevation of +35. At this time the measured pore pressures 
were high enough to indicate that the factor of safety was about 1.1 and that continued 
construction would unnecessarily jeopardize the embankments . 

Sufficient po e pressure dissipation over the major portion of the project occurred 
in the winter of 1968-69 to allow reopening of the project in the spring of 1969 and con
tinue it to completion in July 1969. 

In one area approximately 800 ft long, vPry little dissipation occ~rrcd irr the 0. C. 
clays, and significant rises of pore pressure were r ecorded in the piezometers placed 
in the N. C. clays during a period of no construction acitivity. In addition, both settle
ment and la:teral d formation on the west side of the embankment pt·ol;eeded at rates 
approximately twice as great as elsewhere on th1:1 project. Therefore, prior to reswnp
tion of full-scale construction, a small stabilizing counterberm 75 ft wide and approxi
mately 10 ft high was placed on the west side only. 

SUMMARY AND DISCUSSION 

The primary objectives were to monitor construction, to control the rate of filling in 
such a manner as to prevent instability, and to minimize the use of counter.berms. The 
tools used to assess the factor of safety were the measured excess pore pressures at 
the centerline of the embankments, and it was of little practical concern during con
sb.·uction how they were produced. 

Comparison between the predicted pore pressures (Table 2) and the measured pore 
pressures (Table 3) indicates that use of Skempton 's proposed relationship, with 
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stresses computed by the usual elastic methods, overestimates the pore pressure gen
erated in the 0. C. clays and generally gives a fair assessment of generated pore pres
sures in the N. C. clays at significant depths below the loaded surface. 

Recent work by Christian on undrained stress distribution utilizing finite element 
teclmiques suggests that horizontal stresses are significantly affected by drainage con
ditions and that analyses of foundation behavior dependent on horizontal stresses not 
conforming to the actual partial drainage case would overestimate the magnitude of 
these stresses. This assessment qualitatively eeylains the overestimation of horizontal 
stresses at relatively shallow depths in proximity to the loaded area, where significant 
drainage and consolidation during construction occurred. 

It has been known for some time that horizontal movements often develop in conjunc
tion with vertical subsidence. No reliable method of predicting the total magnitude and 
allowable horizontal deflections for embankments has been advanced. Previous work 
by Gould proposed a method of converting axial strains from laboratory triaxial data 
to shear strains on a failure plane assuming that volume changes are negligible. On 
that basis it was calculated from laboratory data that the failure strain in the in situ 
0. C . clay would be limited to about 10 in. Measurements of horizontal strain for em
bankments constructed to 3Jl elevation of +40 yielded an average maximum of 5 in. of 
lateral strain during construction except for one potentially unstable area· where over 
7 in. of strain were measured when the embankment had reached an elevation of +32. 
To preclude further strains a stabilizing berm previously described was constructed 
prior to placement of additional fill. The settlement anchors were most useful in iso
lating the seat of settlement during construction and showed that the major settlement 
took place in the upper 0. C. clays. The magnitude of the settlement measured to date 
indicates that the conventional settlement analyses overestimated the probable total 
settlement by almost 100 percent. 

The settlement plates, inclinometer casing, and Borros-type settlement anchors 
performed well during construction. The displacement stakes yielded no measurable 
data. The open-type Casagrande piezometers performed well only in areas of minimal 
settlement. Where significant settlements (more than 6 in.) took place, the failure 
incidence approached 50 percent during construction. Recovery of a failed piezometer 
tip indicated that the failure occwTed as a result of pinching and bending of the plastic 
riser pipe between the top of the sensing tip and the bottom of the casing that contained 
the seal. This failure mode could only have been caused by sufficient differential set
tlement between the tip, which settled relatively little in comparison to the casing, 
which was dragged down by much larger consolidation of the upper 0. C. clays. 

CONCLUSIONS 

1. Based on experience with this project, it appears that effective stress methods 
of analysis, together with in situ measurements of pore pressures, provide an effec
tive tool in controlling construction of embankments over soft strata and provide a 
realistic assessment of step-by-step stability . 

2. Stability analyses utilizing shear strengths obtained by unconfined compression 
tests and unconsolidated undrained triaxial tests underestimated the calculated factor of 
safety of this embankment. 

3. Settlement analyses by conventional oedometer methods seriously overestimated 
the measured settlement at this embankment. 

4 . The introduction of the ICES lease stability program provides a practical, fast, 
cheap, and effective method of analyzing the stability of embankments by means of 
construction control charts once pore pressure trends are established during the initial 
phase of construction. 

5. The measurement during construction of lateral and horizontal movements in 
addition to pore pressures is a valuable tool in isolating potential problem areas where 
corrective steps may be warranted. 

6. The instrumentation of foundation behavior and control during construction made 
possible the elimination of almost all of the planned stabilizing berms, resulting in a 
savings of almost $2,000,000. 
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7. It appears that measurements of pore pressures in fmmrlation soils anticipated 
to settle significantly should be made by piezometers other than those of the conven
tional Casagrande type . 
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