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PERFORMANCE OF A REINFORCED EARTH FILL

By |
Jerry C. Changl, Raymond A, Forsythz, John L. Beaton>

INTRODUCTION

‘Reinforced eafth is a soil mass composed of fill strengthened
. by metal or plastic reinforcements and enclosed at the front
face by skin elements. Since Roman times, builders have been
aware of the beneficiating effects of the inclusion of re-
" inforcing elements in earthwork. One example of this is the
use of brush by the Dutch in dike construction. The use of
earthwork reinforcement based upon a rational design procedure

was reported in 1969 by Henrl Vidal (1). In October, 1972,

Project Engineer, Foundation Section, Transportation Labora-
tory, Division of Highways, California Department of
Transportation, Sacramento, California.

Chief, Foundation Section, Transportation Laboratory, Division
of Highways, California Department of Transportation,
Sacramento, California.

3chief, Transportation Laboratory, Division of Highways,
California Department of Transportation, Sacramento, California.
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the_firét application of‘reinfor‘ced earth to highway construction .
in the United States was carried out by the California Department

of Transportatidn to reopen a section of'Highway 39 in the

San Gabriel Mountains, Los Angeles County. This section of

Highway 39 had been closed by a surficial debris slide during

a héavy Sﬁring storm in 1969.

A ééscriptiohiof ﬁhe slide and the rationale for the selection
dffieinfofcéd‘earth for its correction were reported by Chang,

et al (2) in 1972. That paper aiso presented the results of the
sofl inVestigatiOﬁ_and stability analysis in addition to equations
dgﬁeloped_for analyzing.the stresses in the reinforcing strips.

Using those equations the size, length, and spacings of the

reinforcement suggested by the reinforced earth company, Terre

Armee, were evaluated,

In this paper, equations for analyzing the stresses in the skin
plates, and the compariéons between the field instrumentation
data and the analytical results for both of the reinforcing
sftips and the skin plates are presented., Results of field

pulling tests on the reinforcement are also included.

EMBANKMENT GEOMETRY

The reinforced earth £fill is constructed on top of a random
£ill embankment founded over the slide debris. At the bottom

of?the slide debris a toe buttress was built to act as a
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stabilizing fill embankment, The overall height of the system
is approximately 360 feet. The reinforced earth £ill has a
maximum height of 55 feet and a length of 528 féet. A system
of surface and subsurface drain pipes were installed to remove

surface water and seepage. The embankment is shown in plan and

profile by Figure 1.

DESIGN OF REINFORCEMENT

Referring to Figureé 2 and 3 and based on Rankine's state-of-
stress theory, the two basic equations for designing the re-

inforcement developed by Chang, et al (2) are as follows:

Tensile Stresses

¢ K, v H d Ah . 1
s bt ()

Factor of Safetvy Against Slippage

2F _ b L tan

F.S. = T = 6%, d oh (English Unit) | (2)
- b L tan8
50 K, d oh (SI Units)
Where: -
f, = steel tensile stress in psi (kilograms per square
centimeter)

Kz = Rankine active earth pressure coefficient
b = steel strip width in inches (centimeters)
t = steel strip thickness in inches (centimeters)

Y = soil density in pounds per cubic foot (kilograms
per cubic meter)
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overburden height in feet (meters)

d = steel strip horizontal spacing in feet (meters)
Ah = steel strip vertical spacing in feet (meters)
= tensiie farce in steel strip in pounds (kilograms)
frictional résistance in pounds (kilograms)

= length of steel strip in feet (meters)

B ]
[

= friction angle between steel and soil in degrees

' THese equations were used to compute tHe theoretical steel
stresses for comparison with those measured by field

instrumentation.

DESIGN OF SKIN PLATES

The standard shape of the skin plate, used by the French firm,

‘Terre Armee, consists of a semi-ellipticai element of 10 to 13
inches (25 to 33 centimeters) high with a thickness of about
1/8 inch (3 mm).

For the purpose of simplifying thestress analysis, the
following were assumed: (1) semicircular section of skin plate;
(2) éoii'pressure distribution and deformation configuration
shown by Figure 4; (3) a vertical load, P, representing a
resultant force transferred from a uniform vertical pressure
acting along an‘éffective length of reinforcing strip will

. This vertical deformation

cause a vertical deformation, 3

is assumed to have the same magnitude as the settlement of the

soil mass caused by a uniform vertical soil pressure acting

on the top and bottom row of reinforcement.
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Using strain energy principles described by Sealy and Smith (3),

the equations for computing the vertical load, P, and the end

momént, M,, were developed as followsa
For hinged end conditions (Figure 4),

4EISy 4KaTHR _ rHR _
P —
R3T 3N 24m o o) o (3)

and for fixed end conditions (Figure 4),

p=drii(a- oy e R INe -y

_ 88?:::2(4 g;([u (I+Tt87[Ka)+ Ly; (4)
and
Mgq= RS(SJ—EJZW '2(7;3'7':2)2 (4-;1f0 - (|+7f.;7[Ku) ""I"e’* ®)

The magnitude of P depends upon the restraint conditions at the
ends and the value of vertical settlement, §,. Once the
unknown load, P, and the unknown bending moment, M,, (Figure 4)

are determined, the stresses developed in the skin plate can

be calculated. Equations 3, 4 and 5 can be solved by measuring

the vertical deformations, §, in field performance studies or
laboratory scale model tests. For design purposes, a value

of 5;, can be determined by estimating the embankment settlement.
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CONSTRUCTION MATERIAL

‘Tfiaéial tésts (consolidated drained condition) on the backfill

material resulted in a friction angle, g, of 40 degrees at

95% relative compaction. From this, Rankine's coefficient of
actiﬁe earth préssure, K,, was calculated to be 0.22. The
coeff1c1ent of earth pressure at rest, K,, was found to be
0. 36 based on J. Jaky s (4) expression, K, = l-sing. Labora-
tory:skln f;lctlon tests between the galvanized steel strip
and Ehe soillﬁeré‘ca%ducted using a specially designed shear

box resulted in a skin friction angle of 31°,

The dimensions of the steel reinforcing strips provided by

Terre Armee were as follows:

Thickness 0.118 inches (3 mm)
Wldth . 2,362 inches (60 mm)

Length: 22.79 feet to 46,0 ft. (7 meters to 14 meters)

“Laboratory tests resulted in a yield strength of 37,000 psi,

(108 300 Kg/em?); ultimate strength of 50,000 psi
(146300 Kg/cmz), Young's modulus of 28.5 x 10° psi (88.390
X lO? Kg/cmz) and a Ppisson s ratio of 0.28.

INSTRUMENTATION

In order to monitor the behavior of the completed structure,
comﬁrehensive‘instrumentation was installed in the field,
Inclﬁded were (1) slope indicators to measure internal movement

of tﬁe embankment and slide debris; (2) settlement platforms to

B
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measure vertical settlements; (3) extensometers to measure soil
strains; (4) soil pressure cells to measure soil stresses; (5)
strain gages to measure stresses developed in the reinfdrcing
strips and skin plates; and (6) gage points to measure defor-
mations of the skin plates and the wall face. Locations of the

instruments are shown in Figures 1 and 5,

All instruments were read periodically during construction and

for approximately one year after completion of the embankment.

STRESSES IN THE REINFORCING STRIPS

The daily histcry'of the axial stresses in the steel strips is
shown in Figure 6. They were calculated based upon average
strain recorded on top and bottom of the strip and the modulus

of elasticity of 28.5 x 10° psi (83.391 x 100 Rg/cm?).

For comparison, the steel stresses assuming the active earth
pressure and "'at rest" cases were computed using equation 1

and superimposed on Figure 6.

At Station 550425, the lowest axial stresses were measured near
the wall face. After completion of the fill; the stresses near
the wall face decreased with: time and eventually became
compressive at level A, This phenomenon was probably due to

the restraint provided by the berm. At 15 and 25 feet from

the wall face, the.stresses in the strips increased with time
finally reaching the calculated stress, O, based on coefficient

of active pressure, K . At Level B, the steel stresses at 15

www . fastio.com


http://www.fastio.com/

Jerryfb. Chang o | : 8
Raymond A. Forsyth
John  L.. Beaton

feet from'the wall face decreased with time to values much

lower than o,, while the stresses at 25 feet from the wall
face.increased with time'approaching the calculated stress,
Oqs based on coefficient of earth pressure at rest, K. At
Levelic, the:magnitudé of all steel stresses decreased with

time, . approaching o,.

At Statioq 551+75, all strips on Level A were in compression
With:ﬁhewmaxi@um stresses developed very near the wall face.
This phenomenon was probably due to the restraint provided by
the berm, since Level A is about 10 feet below the top of the
berm. At_Lével B, alljstrips were stressed in tension with
the magnitude much lesé than o, near the wall face and at 30

feet from the wall face. The strip stress at 15 feet from

the ﬁall face approached o,, however. At Level C, all steel
strééses increased with time, The last reading indicated a
stress approaching o, near the wall face and exceed g, at 15

and 30 feet.

SOIL STRESSES

Figure 7 presents the soil stresses measured at Station 551475.
The ratio, K, between the horizontal stress and vertical stress
is aiso plotted on this figure, The YH lines represent the
theo;etical vertical soil stresses computed using a unit
weight, v, of 143 pounds per cubic foot (2290 Kgs per cubic
meter) and the corresponding depth of fill, H, over each

instfumentation level. The K values varied irregularly during .

ChihPDF - wwiw . fastio.com
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. and immediately after canstruction presumably due to the effect
of the compaction operation. As the height of fill increased
over the instrumentation level, the influence of compaction
diminish. After completion of the £ill, the X values still
varied between 0.1l and 0.41 as compar ed to the calculated K,

of 0.22 and K, of 0.36.

STRESSES IN THE SKIN'ELEMENTS

Figure 8 shows the daily history of stresses in the skin
element. The locations and the identification numbers of the
strain gages are shown on top of the figure. Gages 1, 5 and
i 9 measured axial strains on the outside of the face while
~' . Gages 3, 7 and 1l measured axial strains on the inside,
Gages 2, 6 and 10 measured circumferential strain on the
outside of the face, while Gages 4, 8 and 12, the circum-
ferential strain on the inside. The actual deformation of
the skin elements closeiy approximated the deformation assumed.
in developing equations 3, 4 and 5. Accordingly, tensile

circumferential stresses developed on the outside of the face,

and compressive circumferential stresses on the inside,

. . . e ' )
Deformations of the skin elements were méasured at 5 gage
points on the faces of the skin plates with a specially
designed vernier-micrometer caliper capable of accurately

measuring to one thousandth of an inch,

. The measured relationship between the vertical deformation of

the skin plate and £ill height is shown in Figure 9. Based
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on the vertical deformations observed in the field, the
stresses in the skin plates were calcuiated, for both hinged
and fixed end conditions. A comparisoh of the measured and
computed circumferential stresses is also shown in Figure 9.
The Calcuiated‘StreSSés based on hinged end assumption
(Equation 3) agree reasohably well with the measured data,
whilé the calculated stresses based on the fixed end condition
(Eq@étions 4 and 5) are almost three times larger than those

measured,

FIELD PULLING TESTS

In order to test the vélidity of Egquation 2, dummy reinforcing

strips were installed in the £ill at 5 levels for field pulling

tesFS: Three strips, 5, 10, and 15 feet in length, were embedded
at éach of three levels under overburden heights of 7.5, 12.4, and
18.2 feet., Three 23-foot strips were embedded at a depth of

18 ﬁéet, as were three 46-foot strips at a'depth of 38 feet,

One, each, of the 23-foot and 46<foot strips was instrumented

"with strain gages on both top and bottom at 5-foot intervals.

A typical load deformation curve obtained from field pulling
tests are shown‘in Figure 10-a for a 5-foot strip. Three

puliing loads were defined for analysis and indicated on the
curves, These were (1) yield loads representing the proportional
limit of the load-deformation relationship; (2) peak load

reptesenting the maximum pulling load; and, (3) the residual

load representing the pulling load when deformation increased .
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' . appreciably without change in the pulling Lload.

Figuré 10-b presents the relationships between the pulliﬁg
loads, the overburden height, and strip 1ength; The skin-
frictién“angles, Bus of 31 degrees obtained from the residual
pulling load plots agree well with the laboratory test results

at equal overburden pressure.

It is interesting to note that under a constant overburden
height, the residual loads are proportiomnal to the overburden
loads which are the products of the overburden height, H, the
unit weight, v, the width of steel strip, b, and the length
of tﬁe steel strip, L. Since v, b, and H are constant under
a given overburden height, the residual loads are proportionél
to the strip length. Because the peak load represents the
maximum mobilized friction gfip, it was utilized to calculate
the factor of safety for the failure condition. The design
tensile loads were calculated using Equation 1. The rela-
tionships between overburden height, H, strip length, L, and
factor of safety are shown in Figure 10-c, for a £ill height
of 10 feet, the minimum strip length may require only 9 feet

for a factor of safety of 4.

AXTAL FORCES IN DUMMY STRIPS DUE TO STATIC LOADING

Figure 10-d, shows the relationship between overburden loads and
the maximum axial force observed in the 46-foot and the 23-foot
. strips at 10 to 15 feet from the wall face. The axial forces

developed during construction are all lower than the calculated
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tensile force, T,, from Equation 1, based on the Rankine's

activé earth pressure coefficient, K,. However, after the
£111 was completed the axial force continued to increase and
the maximum axial force reached Ta» in the 23-foot strip. In
the 464foot strip,'the maximum axial force finally reached
Tys tﬁe.calculated tensile force from Equation 1, based on
‘the "ét rest" earth pressure coefficient, K, . The continuous
incrgaée in tensile force after completion of the fill was
pfoﬁaﬁly dué to the continuing settlement. During the time
at coﬁpletiom of ¢onstruc£ion and 8 months thereafter, the
settlements on Level B and C, Station 551+75, varied from 1.5
to_2;5 feet (0.46 to 0,76 meters). However, on Level A, the

settiément varied from 2.5 to 3.5 feet (0.76 to 1.07 meters).

It has been also observed that the face of the wall has
moved a maximum of 0.7 feet (0.21 meters) horizontally down-
slopé}since completion of the fill, Both horizontal movement
and settlement are attributed primarily to densification of

the-Qnéompacted sli de debris,

SUMMARY AND CONCLUSIONS

1. The measured vertical soil stresses generally agree with
ﬁhe calculated vertical earth pressures, The stress
fatios, K, between the horizontal and vertical soil
étresses were highest during'the early stages of
éﬁnstruction and then decreased after completion of

the fill with large variations from point to point.
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. 2. The measured stresses in the steel strips near the wall

| face were generally smaller than, but approached the
calculated theoretical stresses, G based on Rankine's
active stress condition. The highest steel stresses
developed in the inmmer middle portion of the reinforced
earth section., The steel stresses may increase to the
values correéponding.to_theoreticél "at rest" earth

pressure,

Equation 1 presented in this paﬁer for the design of
" reinforcing strips has been verified., The use of the
active earth pressure coefficieﬁt, Ka’ for calculating
the steel stress is applicable for the end portion of
. ! the reinforcements. For the middle portion of the re-
inforcement, the K, (the coefficient of earth pressure

"at rest') should be used in design.

3. Field pulling test results indicate that the load-defor-
ﬁation curves resembled the stress~-strain curves obtained
from laboratory triaxial compression tests on dense 'sand,
when the strips were pulled loose., The yielding, peak,
and residual load points are all defined clearly. The
friétional forces developed on the steel strips were
proportionél to the overburden load for each overburden
.height. The field measured skin friction angle agreed
well with the laboratory test results under equal over-

burden height.
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The relationships between the overburden height, strip

length, and the factor of safety against slippage shown
in Figure 10-c can be used for determining the minimum
length of reinforcement, providing the requirement for

stability is met.

4, The structural behavior of the skiﬁ plates followed the
hinged end assumption in deformed shape and stress values,
‘The vertical deformation of the skin plate, which is a
measuremeht of settlement within each skin element, is

ﬁroﬁbrtionai to the overburden height.

Design Equation 3, developed in this paper for design of

the steel skin plate, accurately predicted the stresses

developed in the skin plate., Use of the vertical defor-
mation, &,, of the skin plate for one of the major
functions in design has proven to be a satisfactory

approach.

‘Figure 9-b can Be used for estimating the vertical
ﬁeformation,:gv;_for.design'of skin plate at different
geight of reinforced earth £ill, The assumption of a
semi-cifCulér shape simplified the calculation of the
s;résées in the'skin plate and accurately predicted

the measured stresses,

CHIhPDFE - wyww fastio.com


http://www.fastio.com/

Jerry C. Chang | 15
Raymond A. Forsyth
Jo L. Beaton
. 5. The settlement and horizomtal movement of the reinforced
earth embankment is primarily attributable to the denéi-
fication of the deep foundation slide debris. These

movements are probably the main cause of continuing

change in stresses of the steel and soil after cbmpletion

of the fill,
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