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Design methods and field performance studies are presented for the re
inforced earth embankment on Cal-39 in Los Angeles County. Rankine's 
state of stress theory was employed to derive the equations for designing 
the reinforcement. Strain energy principle was introduced to develop the 
equations for designing the steel skin plate. Comprehensive instrumen
tation was installed to study the field behavior. The field-observed data 
indicate close agreement between the design assumptions and field behavior. 
Recommendations concerning stability analyses and corrosion were also 
included. 

•REINFORCED earth is soil mass composed of fill strengthened by metal or plastic re
inforcements and enclosed at the front face by skin elements. Since at least Roman 
times, builders have been aware of the stabilizing effect of including reinforcing ele
ments in earthwork. In his commentaries, ,Julius Caesar (.!_) stated 

All Gallic walls are commonly of this fashion: straight beams are laid together upon the ground 
at equal intervals of two feet, their inner ends braced together, while along the outer front the 
interspaces are packed with large blocks of stone, and the whole is covered with earth. Upon 
these is laid a second similar row of beams, so that while the same interval is maintained, the 
beams of the two rows are not contiguous .... In this way the whole wall is built up course by 
course until the full height is maintained. 

pact or battering. The use of earthwork reinforcement based on 1·ational design was 
reported in 1969 by Henri Vidal (2). In October 1972, the first application of reinforced 
earth to highway construction in ffie United States was carried out by the California De
partment of Transportation to reopen a section of Cal-39 in the san Gabriel Mountains, 
Los Angeles County, that had been closed by a surficial debris slide during a heavy 
spring storm in 1969. A description of the slide and the rationale for selecting re
inforced earth for its correction were reported by Chang, Forsyth, and Smith (3) in 1972. 
They also presented the results of soil investigation and stability analysis and equations 
developed for analyzing the stresses in the reinforcing strips. By using these equations, 
the size, length, and spacings of the suggested reinforcement were evaluated. 

In this paper, equations for analyzing the stresses in the skin plates, comparisons 
between the field instrumentation data, and analytical results for both reinforcing strips 
and skin plates are presented. Results of field pulling tests on the reinforcement are 
included also. 

EMBANKMENT GEOMETRY 

The reinforced earth fill was constructed on top of a random fill embankment founded 
over the slide debris. At the bottom of the slide debris a toe buttress was built to act 
as a stabilizing fill embankment. The overall height of the system was approximately 
360 ft. The reinforced earth fill had a maximum height of 55 ft and length of 528 ft. 
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Figure 1. Plan and profile. 
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A system of surface and subsurface drain pipes was installed to remove surface water 
and seepage. The embankment is shown in plan and profile in Figure 1. 

DESIGN OF REINFORCEMENT 

The 2 basic equations for analyzing the reinforcement design were based on Rankine's 
state of stress theory and the principles shown in Figures 2 and 3. The equations were 
developed as follows assuming a Rankine's active earth pressure, p, acts on the inner 
face of the skin plate (~: 

where 

Ka = coefficient of active earth pressure, 
.,, = unit weight of soil, and 
H = height of fill. 

A force, T, will be developed in the reinforcing strip, and it tends to either pull the 
strip out or fail it in tension. The pull force, T, and the stress, f., developed in the 
strip will be 

where 

d = horizontal spacing of strips, 
AH = vertical spacing of strips, 

Figure 2. Schematic of reinforced earth fill . 

Figure 3. Schematic of reinforced earth block . 

I REINFORCING STRIPS 

H 

T = KayHdAH 

f _ K&YHdAH 
• - bt 

b = width of steel strip, and 
t = thickness of steel strip. 

(1) 

(2) 

Let the skin-friction angle be ~u· A fric
tion force, F, will be developed on each 
face of the strip so that 

F = yHbLtan¢u (3) 

The factor of safety against slippage, S.F., 
will be 

S.F. 2F 2yHbLtan¢u 
= - = 

T KaYHdAH 

2bLtan¢u (4) .; 

KadAH 

Equation 2 was used to compute theo
retical steel stresses for comparison to 
those measured by field instrumentation. 

DESIGN OF SKIN PLATES 

The standard shape of the skin plate 
consisted of a s emielliptical element 10 to 
13 in. high with a thickness of about 1

/ 8 in. 
To simplify the stress analysis, the 

following assumptions were ma.de for a 
s emicircular section of skin plate : (a) the 
soil pressure distribution and deformation 
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Figure 4. Loading diagram on skin plate. configuration as shown by Figure 4 and 
(b) that a vertical load, P, representing a 
resultant force transferred from a uniform 
vertical pressure acting along an effective 
length of reinforcing strip will cause a 
vertical deformation, 6v, This vertical 
deformation was 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 rein
forcement. 

By using strain energy principles de
scribed by Seely and Smith (5), the equa
tions for computing the vertical load, P, 

and the end moment, Ma, were developed as follows (i_): For hinged-end conditions as 
shown in Figure 4 

p = 4EI6v _ 4K.,YHR _ yHR (317 _ 32 ) 
R3

11 311 2 4rr 
( 5) 

and for fixed-end conditions 

p = Ii.EI /4 _ ~\ + yHR (4 - 4K. _ !.) 
rrR3 ~ 8 - rr

2l 3rr 8 

_ 8yHR r4 - 4K. _ (1 + rr - rrK.) + !.J 
8 - 11

2 
[ 3rr 8 9 

(6) 

and 

M _ 86.EI 211yHR2 r4 - 4Ka _ (1 + 11 - 11K. ) !.J 
a - R2i8 - n-2) + (8 - 112) [ 311 8 + 9 (7) 

The magnitude of P depends on the restraint conditions at the ends and the value of ver
tical settlement, 6v, When the unknown load, P, and the unknown bending moment, M. 
(Fig . 4), are determined, the stresses developed in the skin plate can be calculated. 
Equations 5, 6, and 7 can be solved by measuring the vertical deformations, liv, in 
field performance studies or laboratory scale model tests. For design purposes, a 
value of 6v can be determined by estimating the embankment settlement. 

CONSTRUCTION MA TE RIAL 

Triaxial tests (consolidated drained condition) on the backfill material resulted in a 
friction angle, ¢, of 40 deg at 95 percent relative compaction. From this, Rankine's 
coefficient of active earth pressure, K., was calculated to be 0.22. The coefficient of 
earth pressure at rest, Ko, was computed to be 0.36 based on Jaky's expression (6), 
K0 = 1 - sin¢. Laboratory skin friction tests between the galvanized steel strip and the 
soil resulted in a skin-friction angle of 31 deg. 

The dimensions of the steel reinforcing strips were as follows: 

1. Thickness: 0.118 in., 
2. Width: 2.362 in., and 
3. Length: 22. 79 to 46.0 ft. 

Laboratory tests resulted in a yield strength of 37,000 psi; an ultimate strength of 
40,000 psi; a Young's modulus of 28.5 x 106 psi; and a Poisson's ratio of 0.28. 

INSTRUMENTATION 

To monitor the behavior of the completed structure, comprehensive instrumentation 
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was installed in the field. Included were 

1. Slope indicators to measure internal deformation of the embankment and slide 
debris; 

2. Settlement platforms to measure vertical settlements; 
3. Extensometers to measure soil strains; 
4. Soil pressure cells to measure soil stresses; 
5. Strain gauges to measure stresses developed in the reinforcing strips and skin 

plates; and 
6. Gauge points to measure deformations of the skin plates and the wall face. Lo

cations of the instruments are shown in Figures 1 and 5. All instruments were read 
periodically during construction and for approximately 1 year after completion of the 
embankment. 

STRESSES IN THE REINFORCING STRIPS 

The daily history of the axial stresses in the steel strips is shown in Figure 6. They 
were calculated based on average strain recorded on top and bottom of the strip and a 
modulus of elasticity of 28. 5 x 106 psi. For comparison, steel stresses assuming ac
tive earth pressure and at rest cases were computed by using Eq. 2 superimposed on 
Figure 6. The lowest axial stresses were measured near the wall face. After com
pleting the fill, the stresses near the wall face decreased with time and eventually be
came compressive at level A. This phenomenon probably was due to the restraint pro
vided by the berm. At 15 and 2 5 ft from the wall face, the stresses in the strips in
creased with time and finally reached the calculated stress, cra, based on coefficient of 
active pressure, Ka. At level B, the steel stresses at 15 ft from the wall face de
creased with time to values much lower than a.; the stresses at 2 5 ft from the wall face 
increased with time and approached the calculated stress, ao, based on coefficient of 
earth pressure at rest, Ko, At level C, the magnitude of all steel stresses decreased 
with time and approached cr •• 

SOIL STRESSES 

Figure 7 shows the soil stresses measured at section III, station 551+75. The ratio, 
K, between the horizontal stress and vertical stress is also plotted on this figure. The 
yH lines represent the theoretical vertical soil stresses computed by using a unit weight, 
Y, of 143 pcf and the corresponding depth of fill, H, over each instrumentation level. 
The K values varied irregularly during and immediately after construction presumably 
because of the effect of compaction. As the height of fill increased over the instrumen
tation level, the influence of compaction diminished. After completion of the fill, the 
K values still varied between 0. 5 and 0.8 at this section as compared to the calculated 
K. of 0.22 and Ko of 0.36. At the other sections (not shown) the K values varied from 
0.11 to 0.41. 

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 gauges are shown on top of the figure. Gauges 
1, 5, and 9 measured axial strain on the outside of the face; gauges 3, 7, and 11 mea
sured axial strains on the inside. Gauges 2, 6, and 10 measured circumferential strain 
on the outside of the face; gauges 4, 8, and 12 measured circumferential strain on the 
inside. The actual deformation of the skin elements closely approximated the deforma
tion assumed in developing Eqs. 3, 4, and 5. Accordingly, tensile circumferential stresses 
developed on the outside of the face, and compressive circumferential stresses de
veloped on the inside. Deformations of the skin elements were measured at 5 gauge 
points on the faces of the skin plates with a specially designed vernier-micrometer cal
iper capable of accurately measuring to 0.001 in. The measured relationship between the 
vertical deformation of the skin plate and fill height is shown in Figure 9. Based on the 
vertical deformations observed in the field, the stresses in the skin plates were calcu
lated for both hinged- and fixed-end conditions. A comparison of the measured and com-



Figure 5. Instrumentation sections. 
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Figure 6. Daily history of stresses in steel strip. 
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Figure 7. Daily history of soil stress. 
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Figure 8. Daily history of stress in skin element. STRAIN GAGE KUW!ER5 
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puted circumferential stresses also is shown in Figure 9. The calculated stresses based 
on hinged-end assumption (Eq. 5) agreed r easonably well with the measured data although 
the calculated stresses based on the fixed-end condition (Eqs . 6 and 7) were almost 3 
times larger than those measured. 

FIELD PULLING TESTS 

To test the validity of Eqs. 3 and 4, dummy reinforcing strips were installed in the 
fill at 5 levels for field pulling tests. Three strips, 5, 10, and 15 ft in length, were 
embedded at each of 3 levels under overburden heights of 7.5, 12.4, and 18.2 ft. Three 
23-ft strips were embedded at a depth of 18 ft; three 46-ft strips were embedded at a 
depth of 38 ft. One of the 23-ft strips and 1 of the 46-ft strips were instrumented with 
strain gauges on both top and bottom at 5-ft intervals. 

A typical load deformation curve obtained from field pulling tests is shown in Figure 
10 for a 5-ft strip. Three pulling loads were defined for analysis and indicated on the 
curves. These were 

1. Yield loads representing the proportional limit of the load-deformation relation
ship, 

2. Peak load representing the maximum pulling load, and 
3. Residual load representing the pulling load when deformation increases appre

ciably without a change in the pulling load. 

Figure 11 shows the relationships between the residual pulling load, overburden 
load, overburden height, and strip length. The skin-friction angles, ¢u, of 31 deg ob
tained from the residual pulling load plots agreed well with the laboratory test results 
at equal overburden pressure. For a constant overburden height, the residual loads 
were proportional to the overburden loads, which are the products of the overburden 
height, H; the unit weight, y; the width of steel strip, b; and the length of the steel 
strip, L. Because 'Y, b, and Hare constant under a given overburden height, the re
sidual loads are proportional to the strip length. Because the peak load represents the 
maximum mobilized friction grip, it was used to calculate the factor of safety for the 
failure condition. The design tensile loads were calculated by using Eq. 1. The rela
uonsmps oetween overourcten height, H, strip length, L, and slipping factor of safety 
are shown in Figure 12. For a fill height of 10 ft, the minimum strip length may re
quire only 9 ft for a factor of safety of 4. Figure 13 shows the relationship between 
peak pull load and the calculated skin-friction force (3). Peak pull loads exceeded the 
skin-friction force as the s trip length exceeded 10 ft.- We may conclude that strip length 
s hould be atleast 10 ft. 

AXIAL FORCES IN DUMMY STRIPS BECAUSE OF STATIC LOADING 

Figure 14 shows the relationship between overburden loads and the maximum axial 
force observed in the 46-ft and the 23-ft strips at 10 to 15 ft from the wall face. The 
axial forces developed during construction were all lower than the calculated tensile 
force, Ta, from Eq. 1 based on the Rankine's active earth pressure coefficient, Ka. 
However, after the fill was completed the axial force continued to increase and the 
maximum axial force reached Ta in the 23-ft strip. In the 46-ft strip, the maximum 
axial force finally reached T0 , the calculated tensile force from Eq. 1, based on the 
at rest earth pressure coefficient, Ko, The continuous increase in tensile force after 
completion of the fill probably was due to the continuing settlement. At completion of 
construction and 8 months later, the settlements on levels Band C, station 551+75, 
varied from 1.5 to 2.5 ft. However, on level A, the settlement varied from 2.5 to 3.5 
ft. Also, the face of the wall has moved a maximum of 0. 7 ft horizontally downslope 
since completion of the fill. Both horizontal movement and settlement are attributed 
primarily to densification of the uncompacted slide debris. 

SUMMARY AND CONCLUSIONS 

The measured vertical soil stresses generally agreed with the calculated vertical 
earth pressures. The stress ratios, K, between the horizontal and vertical soil stresses 



Figure 10. Typical load deformation curve. 
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Figure 13. Relationship between pull load and skin-friction force. 
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were highest during the early stages of construction and later decreased with large 
variations from point to point after completion of the fill. 
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The measured stresses in the steel strips near the wall face were generally smaller 
than, but approached, the calculated theoretical stresses, cra, based on Rankine's active 
stress condition. The highest steel stresses developed in the inner middle portion of 
the reinforced earth section. steel stresses may increase to the values corresponding 
to theoretical at rest earth pressure. Equation 1, presented in this paper for the design 
of reinforcing strips, has been verified. The use of the active earth pressure coeffi
cient, Ka, for calculating the steel stress is applicable for the end portion of the re
inforcements. For the middle portion of the reinforcement, Ko should be used. 

Field pulling test results indicated that the load-deformation curves resembled the 
stress-strain curves obtained from laboratory triaxi.al compression tests on dense sand 
when the strips were pulled loose. The yielding, peak, and residual load points were 
all defined clearly. The frictional forces developed on the steel strips were propor
tional to the overburden load for each overburden height. The field-measured skin
friction angle agreed well with the laboratory test results under equal overburden height. 
The relationships between the overburden height, strip length, and the factor of safety 
against slippage as shown in Figure 12 can be used for determining the minimum length 
of reinforcement for different overburden height, providing the requirement for stability 
is met. However, strip length should be at least 10 ft. 

The structural behavior of the skin plates followed the hinged-end assumption in de
form~d shape and stress values. The vertical deformation of the skin plate, which is 
a measurement of settlement within each skin element, was proportional to the over
burden height. Design Eq. 5, developed in this paper for design of the steel skin plate, 
accurately predicted the stresses developed in the skin plate. Use of the vertical de
formation, liv, 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 to estimate the vertical deforma
tion, liv, for design of skin plate at different heights of reinforced earth fill. The as
sumption of a semicircular shape simplified the calculation of the stresses in the skin 
plate and accurately predicted the measured stresses. 

The settlement and horizontal movement of the reinforced earth embankment was 
primarily attributable to the densification of the deep foundation slide debris. These 
movements were probably the main cause of continuing change in stresses of the steel 
and soil after completion of the fill. 
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