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Field Experiments on Soils 
Reinforced with Multioriented 
Geosynthetic Inclusions 

EVERT C. LAWTON AND NATHANIEL S. Fox 

Results and· conclusions determined from field experiments per
formed to evaluate the practical aspects of reinforcing cohesion
less soils with multioriented geosynthetic inclusions are described. 
The multioriented elements were generally similar in size and 
configuration to toy jacks. Experiments conducted included Cal
ifornia bearing ratio, resistance to compaction, rutting, and traf
ficability tests. Substantial increases in stiffness and strength were 
obtained by reinforcing cohesionless soils with multioriented in· 
clusions. Multioriented elements also proved useful in reducing 
rutting and providing increased mobility and trafficability in soft 
and loose soils. 

Results and conclusions from field experiments performed on 
comparable unreinforced and reinforced soils to evaluate the 
practical aspects of reinforcing cohesionless soils with multi
oriented inclusions are presented in this paper. The multi
oriented reinforcing elements were generally similar in shape 
and size to toy jacks. Comparable unreinforced and reinforced 
soils consisted of small-scale fills compacted with the same 
equipment and energy and with the same number and thick
ness of lifts. 

The goals of this study were to determine the following 
characteristics of compacted and in situ soils reinforced with 
multioriented inclusions: improvement in bearing resistance, 
resistance to compaction caused by the reinforcement, effec
tiveness in increasing the trafficability characteristics of soft 
or loose soils, and usefulness in extricating vehicles immo
bilized in loose sand. The results from field experiments con
ducted to achieve these goals are presented in the following 
section. Further details can be found elsewhere (1). 

FIELD EXPERIMENTS 

Reinforcing Elements 

The multioriented elements consisted of six stems emanating 
from a central hub, with an enlarged head attached to four 
of the six stems (Figure 1). Manufacturing limitations did not 
permit heads on the other two stems. These multioriented 
elements will be called "jacks" for brevity. 

The jacks were cast in a specially designed, two-cavity in
jection mold. Two prototypes were manufactured using dif-
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ferent polypropylenes-a homopolymer polypropylene 20 melt 
(Type 1 jack) and a copolymer polypropylene with 2.3 percent 
polyethylene (Type 2 jack). Typical properties indicated by 
the manufacturers are given in Table 1. On the basis of the 
given properties and posttesting viewing of jacks in the lab
oratory (2), Type 1 jacks were found to be stiffer, stronger, 
and more ductile in both bending and tension than Type 2 
jacks. The surfaces of Type 1 jacks were somewhat rougher 
than the surfaces of Type 2 jacks, although the surfaces of 
both types of jacks were relatively smooth. 

For comparative purposes, polypropylene fibers were used 
as reinforcement in CBR tests and resistance to compaction 
studies. These collated, fibrillated fibers were 0.5 in. long 
with a specific gravity of 0.91, a tensile modulus of elasticity 
of 500 ksi, and an effective diameter of approximately 0.006 
in. 

In the resistance to compaction and trafficability tests, biax
ial polypropylene geogrid with nominal aperture dimensions 
of 1.0 by 1.3 in., a minimum open area of 70 percent, and a 
tensile modulus (Geosynthetics Research Institute GGl-87) 
of 14,000 lb/ft was also studied. A nonwoven geotextile was 
used in the trafficability tests. 

Soils 

The trafficability tests were performed on a dune sand (me
dian size, D50 = 0.017 in.; uniformity coefficient, Cu = 1.8) 
near Albany, Georgia. All other field experiments were con
ducted at a site near Atlanta, Georgia, where the in situ oil 
was residual silty micaceous sand (D50 = 0.019 in.; Cu = 4.6). 
The Unified Soil Classification System designation for both 
soils is SP (poorly graded sand). 

California Bearing Ratio Tests 

The CBR test was chosen as the primary experimental method 
because it is essentially a small-scale bearing test, both stiff
ness and strength data can be obtained, and the reaction load 
required to perform the test is substantially less than that for 
the plate bearing test. Although it is recognized that there 
are scale effects related to the small piston diameter, which 
will be discussed in detail in a subsequent section, the qual
itative relationships determined from comparisons between 
unreinforced and reinforced fills, as well as between different 
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FIGURE 1 Geometry and dimensions of 
multioriented inclusions: (a) plan view of four 
stems with heads; (b) plan view of two stems 
with heads and two stems without heads 
(rotated 90 degrees). 
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reinforced samples, provide useful information. Field CBR 
tests were performed on small-scale fills constructed using silty 
micaceous sand as the matrix soil. On the basis of previous 
laboratory results (2), a minimum of 200 jacks/ft2 per rein
forcing layer was used in layered reinforced fills. Randomly 
reinforced soil was produced by mixing the jacks or fibers 
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with soil in a 4.0-ft3 concrete mixer. Both the jacks and the 
fibers mixed well with the soil using this method. The obser
vation that the fibers mixed well with the soil was somewhat 
surprising in light of the difficulties in mixing fibers with soil 
described by others (3-5). 

Two compactors were used to prepare the test pads for 
testing-a vibratory plate compactor and a pneumatic impact 
tamper. In most layered reinforced sections the jacks were 
placed on the surface of the previously compacted lift of un
reinforced soil and the next layer of loose soil was placed 
before compaction. In some instances the jacks were "pre
stressed" by placing them loosely on the surface of the pre
viously compacted soil lift and then pressing them partially 
into the underlying soil by one or two passes of the vibratory 
compactor before placing the next loose soil lift. The as
compacted thicknesses of the unreinforced and reinforced soil 
lifts (1.5 to 3.0 in.) were smaller than normally would be 
constructed in practice because of the low compactive effort 
of the compactors (compared with compaction rollers) and 
the small diameter (1.95 in.) of the CBR piston. That is, the 

. depth of influence beneath a loaded area is typically between 
one and four times its diameter. Therefore, use of larger soil 
lifts in the layered reinforcement sections would have resulted 
in the reinforcement having little influence on the CBR results 
and would not have modeled typical bearing situations where 
ratios of bearing area width to lift thickness are generally 
greater than 0.5 and often much higher. 

The CBR tests were conducted with the loading press at
tached to the frame of a 3.5-ton truck. In all tests the surcharge 
load (10 lb) and penetration rate (0.05 in./min) were the same. 

Four test pads were constructed for the CBR tests as de
scribed in Table 2. The first two pads were constructed in 
mounds above the existing groqnd surface. Because of diffi
culties in controlling the lift thicknesses and widths when the 
fill was constructed in narrow mounds, the last two test pads 
were constructed in shallow excavated trenches. In each test 
pad separate sections were constructed in which the nominal 
thicknesses of the lifts were the same but reinforcement was 
varied. 

Results 

In general, only qualitative analyses of the stress-penetration 
results will be made in this section. CBR values for all tests 
can be found elsewhere (1 ) . 

Two CBR tests were conducted in each section of Test Pads 
1 and 2 to determine the reproducibility of results. The stress-

TABLE 1 Typical Properties of Materials Used in Manufacturing Specially 
Designed Multioriented Inclusions 

Property 

Specific Gravity 
Melt Flow Rate (g/10 min.) 
Tensile Strength at Yield (ksi) 
Elongation at Yield (%) 
Flexural Modulus (ksi) 
Notched Izod Impact Strength 

at 23° c (ft-lb/in.) 

Inclusion Designation 

Type 1 

0.903 
18.0 
5.050 
11 
250 

0.7 

Type 2 

0.902 
19.5 
3.050 
10 
155 

2.0 
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TABLE 2 Details of Test Pads for CBR Testing: (a) Dimensions; (b) Compaction and Reinforcement 

(a) 

Test 
Pad 

1 
2 
3 
4 

Fill 
Type 

Mound 
Mound 
Trench 
Trench 

Sections 

No. 

2 
2 
5 
6 

Width 
(in.) 

16 
16 
18 
18 

Length 
(ft) 

3 
3 
2 
2 

Soil Lifts 

No. 

3 
3 
3 
2 

As-compacted 
Thicknessesa 

2.0, 1.5, 1.5 
2.0, 1.5, 1.5 
2.0, 1.5, 1.5 
3 .o, 3. 0 

ain order of construction (bottom-first, top-last) 

(b) 

Test Sec-
Pad tion Methodb Energyc 

Heavy 
7 passes 
3 passes 
7 pai;;ses 
7 passes 
7 passes 
7 passes 
7 passes 
7 pass_gs 
1 passh 
1 pass 

Type 1 
Type 1 
None 
None 
None 
Fibers 
Type 1 
Type 1 
Type 2 
Fibers 
Type 1 
None 

Orien
tation 

Layered 
Layered 

Layered 
Layeredg 
Layeredg 
Layeredg 
Random 
Random 

Locatione 

1. 5, 3. o in. 
1. 5, 3. o in. 

1. 5, 3. o in. 
1. 5, 3. o in. 
1. 5, 3. o in. 
1. 5, 3. o in. 
Top lift 
Top lift 

Amountf 

200 jsf 
200 jsf 

.375 psf 
200 jsf 
300 jsf 
200 jsf 
VF=3.6% 
VF=4.1% 

1 
1 
2 
2 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 

A 
B 
A 
B 
A 
B 
c 
D 
E 
A 
B 
c 
D 
E 
F 

P.I.T. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
V.P.C. 
P.I.T. 
P.I.T. 

1 pass~ 
1 pas~ 
Hea~ 
Heavy--

Type 2 , Layered 
Type 2 Random 
None 

Surf ace 
Top lift 

500 jsf 
VF=4.1% 

bP.I.T. pneumatic impact tamper; V.P.C. = vibratory plate compactor 
~Number of passes listed are per lift 

Types 1 and 2 refer to jacks 
~Values for layered reinforcement refer to depths below top surface 
Jsf = jacks per square foot; psf = pounds per square foot; 

VF = volume fraction = volume of reinforcement / total volume 
gEach layer prestressed by two passes of V.P.C. 
hBottom lift was unreinforced and was compacted by 7 passes of V.P.C.; 
values given are for top lift 

penetration curves for each original test and its repeat test 
are similar (Figure 2). For the two sections in Test Pad 1 
reinforced with layered jacks, a comparison of the stress
penetration curves suggests that a stronger reinforced soil was 
produced by using the impact tamper than by using the vi
bratory plate. This is also indicated by the soil dry densities 
(excluding the volume and weight of the reinforcement) cal
culated from samples taken from the two sections-103.5 pcf 
at a water content (w) of 10.3 percent for heavy compaction 
from the impact tamper and 96.4 pcf at w = 10.6 percent for 
seven passes of the vibratory plate. The stiffnesses of the two 
reinforced soils were approximately the same. Most of the . 
subsequent sections were compacted with the vibratory plate 
because of the greater ease in controlling and identifying the · 
compactive effort. 

Increasing the number of passes per lift from three to seven 
produced a stronger and stiffer unreinforced soil (Figure 2). 
This is expected and is attributable to the higher dry density 
produced by greater compactive effort (102.0 pcf for seven 
passes and 100.4 pcf for three passes). A comparison of the 
reinforced and unreinforced curves for the soil compacted 
with seven passes of the plate shows a substantial improve
ment in strength and greater stiffness for the reinforced soil 

at penetrations greater than about 0.1 in., and approximately 
the same stiffness at lower penetrations. 

In Test Pad 3, reinforcement was placed in layers, and 
layers of jacks were prestressed before placing the next lift 
of soil. During repetitive passes of the compactor in the fiber
reinforced section, fibers migrated upward through the soil 
lift and created spalling along the surface of the soil lift. It 
can be seen in Figure 3 that the addition of jacks strengthened 
and stiffened the soil. The fiber-reinforced soil, however, was 
less stiff than the unreinforced soil at low penetrations 
( < 0.23 in.), but stiffer at higher penetrations. The fiber
reinforced soil appears to have been strongest, although the 
test on it was not completed because of equipment problems. 

Increasing the areal density of Type 1 jacks from 200/ft2 to 
300/ft2 produced a considerable increase in strength, but the 
stiffness at low penetrations was decreased because of rear
rangement of the jacks within the reinforcement layer during 
loading .. This loss of stiffness was minimized, however, by 
prestressing the jacks before placement of the next soil lift. 
The soil reinforced with Type 2 jacks was stronger than the 
soil reinforced with Type 1 jacks at the same areal density of 
200/ft2 • This result contrasts with that demonstrated in the 
laboratory CBR experiments for nonprestressed jacks and 
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FIGURE 2 Stress-penetration curves from CBR tests in Test Pads 1 and 2. 
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FIGURE 3 Stress-penetration curves from CBR tests in Test Pad 3. 
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may be caused by differences in surface roughness and re
bound between Type 1 and Type 2 jacks (1 ). 

To determine the influence of the depth to the first layer 
of reinforcement on the stress-penetration characteristics, CBR 
tests were conducted on the sections containing unreinforced 
soil and Type 2 jack-reinforced soil in which the top 0.25 in. 
of soil was carefully removed. This resulted in a reduction in 
depth to the first layer of reinforcement from 1.5 in. to 1.25 
in. in the reinforced section. The stiffness and strength were 
significantly greater for the reduced depth to the first layer 
in the reinforced soil (Figure 4). For example, the peak stress 

increased by 52 percent. A comparison of the two unrein
forced curves indicates that a smaller increase in strength (26 
percent) and stiffness occurred because of the variation in 
density with depth of the compacted unreinforced soil lift. 
These results suggest that the depth to the first reinforced 
layer significantly influenced the strength and stiffness of the 
reinforced soil mass, which has been shown for one- and two
dimensional strips and sheets of metallic and geosynthetic 
reinforcement placed in horizontal layers (6). 

In Test Pad 4 the first four sections were compacted lightly 
(one pass of vibratory plate) to simulate a weaker soil. It is 
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FIGURE 4 Stress-penetration curves from CBR tests in Test Pad 3 for varying depth to first 
layer of reinforcement. 

clear in Figure 5 that the inclusion of layered and random 
jacks substantially increased both the stiffness and strength 
of the reinforced soil compared with the unreinforced soil. 
The jacks placed on the surface of the compacted soil and 
then prestressed produced a significantly greater strength and 
stiffness increase than the random jacks. The fiber-reinforced 
soil was less stiff than the unreinforced soil at low penetrations 
( < 0.08 in.), but stiffer at higher penetrations. The peak stress 
for the fiber-reinforced soil was approximately the same as 
for the soil with layered jacks on the surface, but the jack
reinforced soil was stiffer at low penetrations. 

It can be seen in Figure 6 that the randomly reinforced jack 
soil compacted heavily with the impact tamper had a sub
stantially higher peak stress than the unreinforced soil 
but was slightly more compressible at low penetrations 
( < 0.15 in.). · 

Resistance to Compaction Tests 

To assess the resistance to compaction provided by various 
types of reinforcement, additional experiments were con-
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FIGURE 6 Stress-penetration curves from CBR tests in Test Pad 4 (impact compaction). 

ducted at the same site. A test pad 18 in. wide by 6 in. deep 
by 15 ft long was constructed in an excavated trench in two 
3.0-in.-thick lifts. The bottom lift was unreinforced and was 
compacted by seven passes of the vibratory plate. The top lift 
was divided into fifteen 1.0-ft.-long sections. The first five 
sections consisted of (a) unreinforced soil, (b) one layer of 
570 jacks covering the entire area (380 jacks/ft2) at a depth 
of 3.0 in., (c) 600 random jacks within the matrix soil (volume 
fraction = 10.1 percent), (d) 0.68 lb of random fibers within 
the matrix soil (volume fraction = 3.2 percent), and (e) geo
grid placed at a depth of 3.0 in. These five sections were 
repeated two more times. The first five sections were com-
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pacted by 1 pass of the vibratory plate, the second five sections 
by 5 passes, and the third five sections by 15 passes. In the 
layered jack sections, the jacks were not prestressed before 
placing the loose soil for the top lift. 

The average soil dry density of each section determined 
from two dfive tube samples (ASTM D-2937) are plotted in 
Figure 7 as a function of the number of passes of the vibratory 
plate compactor. The soil dry density should have increased 
with the number of passes, but only three of the five curves 
meet this expectation. This apparent inconsistency was caused 
by elements extending outside the sample tube, which made 
trimming the samples difficult and required an estimation of 
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JI-JI Geogrid 
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I' 
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0 5 10 15 

Number of Passes of Vibratory Plate 
FIGURE 7 Results from resistance to compaction tests. 
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the volume of partial elements extending outside the tube. 
However, the general trend of resistance to compaction de
veloped by each reinforced method can be seen in Figure 7. 
The random fibers, even though placed in a much smaller 
volume than the jacks, created the greatest resistance to com
paction, followed in descending order by layered jacks and 
random jacks. Layered jacks resisted compaction more than 
random jacks as a result of rebound of the layered jacks upon 
removal of the compactive energy and little interaction be
tween random jacks and soil because of the smooth surface 
of the jacks. The geogrid improved compaction of the soil 
primarily by vertical confinement, thereby increasing the soil 
dry density above that for the unreinforced soil. The average 
percent difference in the reinforced soil dry density compared 
with the unreinforced soil dry density was - 21 percent for 
random fibers, -10 percent for layered jacks, - 6 percent 
for random jacks, and + 3 percent for geogrid. 

Rutting Tests 

Following an intensive rainfall, the effectiveness of using jacks 
to support construction traffic in wet soil conditions was eval
uated. A particularly soft and wet location on the site was 
selected for testing. First, an area approximately 3 ft wide by 
10 ft long was raked to a depth of 6 in. to homogenize the 
wet soil. Two pads of Type 1 jacks, each pad containing 900 
jacks in an area 18 in. square (400 jacks/ft2), were then placed 
on the surface of the prepared area approximately 7 ft apart. 
One of the jack pads was tamped lightly to prestress the jacks. 
The area between the pads remained unreinforced. A 3.5-ton 
truck was driven across the prepared area through the center 
of the pads for a total of 10 passes. 

The depths of ruts created in the two reinforced pads and 
in the unreinforced area were measured at the deepest part 
for 1, 2, and 10 passes of the truck. Because the top surfaces 
of the pads were uneven, a range in depth of rutting was 
measured for the jack pads. 

The results of the rutting tests, which are summarized in 
Table 3, clearly indicate that the jacks substantially reduced 
the depth of rutting compared with the unreinforced soil. For 
example, compared with the unreinforced soil, the loosely 
placed jacks reduced the maximum depth of rutting for one 
pass of the truck from 2.2 in. to 0.6 to 0.8 in., a reduction of 
64 to 73 percent. The tamped jacks reduced the depth of 
rutting for one pass by 82 to 91 percent. For 10 passes of the 
truck, the maximum depth of rutting was reduced by 51 to 
57 percent for the loosely placed jacks and 75 to 80 percent 
for the tamped jacks. 

TABLE 3 Results of Rutting Tests 

Maximum Depth of Rut (in.) 

Loosely Lightly 
No. of Placed Tamped 
Passes Unrein- Type 1 Type 1 
of Truck forced Jacks Jacks 

1 2.2 0.6 - 0.8 0.2 - 0.4 
2 3.0 0.8 - 1.0 0.3 - 0.5 
10 3.5 1.5 - 1. 7 0.7 - 0.9 
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Trafficability Tests in Dune Sand 

The use of jacks to support vehicles and extricate immobilized 
vehicles in loose uniform sands was evaluated at a natural 
sand dune area in Albany, Georgia. This area of deep aeolian 
sands is well known to local developers and citizens as an 
area that will not support vehicles or structures and that can
not be adequately densified by normal compaction methods. 
Several tests were performed and are described below. 

Extrication of Immobilized Vehicle 

A jeep-type vehicle was driven off the paved roadway into 
an area of especially loose sand and became immobilized 
several times, sinking to depths ranging from 8 to 20 in. At 
a depth of 8 in., a pad of jacks with an average thickness 
equal to two elements was placed behind the traction wheels, 
and the vehicle was put into reverse and easily became 
dislodged. 

Extrication of the vehicle for an embedded depth of 18 in. 
was much more difficult. Only after placing pads of jacks 
behind and in front of each traction wheel, and rocking the 
vehicle back and forth, did the vehicle become dislodged. 
Several schemes for extricating the vehicle were attempted 
for an embedment depth of 20 in., including increasing the 
thickness of the jack pads and using geogrid in place of the 
jacks, with no success. The vehicle had to be removed by 
chain and hoist. 

Trafficability Tests 

Trafficability tests were conducted in an area where the ve
hicle was not immobilized but was making ruts averaging 4. 75 
in. deep in the unstabilized sand. A variety of stabilizing 
methods were studied using jacks, geotextile, geogrid, and 
combinations thereof. The methods used and the results ob
tained are summarized in Table 4. 

For the various methods in which the reinforcing elements 
were placed on the surface of the in situ sand, a composite 
system composed of layered jacks on top of geogrid proved 
the best in terms of both initial rutting and repetitive loading. 
In this synergistic composite system, the jacks anchored the 
geogrid, preventing it from being displaced, while the geogrid 
anchored the jacks by resisting longitudinal, lateral, and 
downward movements of the jacks during loading. Layered 
jacks by themselves were moderately successful in reducing 
rutting and improving trafficability under repeated loads. When 
placed on the surface, neither geogrid nor geotextile was ef
fective in reducing rutting. This ineffectiveness was caused by 
sliding of the material along the ground surface during loading 
because of lack of confinement. 

In tests where the reinforcement was buried beneath a thin 
(1 to 2 in.) layer of sand, two systems were best for reducing 
initial rutting-geotextile alone and composite geogrid/jacks. 
Under repetitive loads, the composite geogrid/jacks system 
was somewhat better in providing firm and stable support: 
The addition of jacks beneath the geotextile produced no 
additional support beyond that provided by the geotextile 
alone. In all instances, burying the reinforcement beneath a 
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TABLE 4 Details and Results from Trafficability Tests 

Reinforcement 

Orien-
Test Type tat ion Location 

1 None 

Amount 

Depth 
of 
Initial 
Rutting 
(in.) 

4.75 

51 

Comments 

Loose dune sand 

2 Jacks Layered Surface 2 elements 
thick 

3.0 Jacks were displaced longi
tudinally and laterally 

3 Jacks Layered Surface 3 elements 
thick 

3.5 Jacks were displaced longi
tudinally and laterally 

4 Jacks Layered 2 in. deep trench; 3 elements 
1-2 in. sand cover thick 

2.75 Firmer than jacks on 
surface 

5 Geotextile Horiz. Surface 1 sheet 4.75 Geotextile was pushed and 
displaced by wheels 

6 Geotextile Horiz. Surface; 1-2 in. 1 sheet 1. 0 Good performance under 
repeated loads sand cover 

7 Geogrid Horiz. surface 1 strip 4.75 Geogrid slid on surface 
as vehicle moved over it 

8 Geogrid Horiz. Surface; 1-2 in. 1 strip 2.5 Fair performance under 
repeated loads sand cover 

9 Jacks/ 
geotextile 

Layered/ 
Horiz. 

Jacks on surface; 2 ele. thk. 3.0 No improvement over jacks 
alone (Test 3) geotextile on jacks 1 sheet 

10 Jacks/ 
geotextile 

Layered/ 
Horiz. 

Same as 9 except 2 ele. thk. 1. 0 No improvement over buried 
geotextile alone (Test 6) 1-2 in. sand cover 1 sheet 

11 Geogrid/ 
jacks 

Horiz./ 
Layered 

Geogrid on surface 1 strip 2.25 Very good performance 
under repeated loads Jacks on geogrid 2 ele. thk. 

12 Geogrid/ 
jacks 

Horiz./ 
Layered 

Same as 11 except 1 strip 1. 0 Excellent (best) perform
ance under repeated loads 1-2 in. sand cover. 2 ele. thk. 

thin layer of sand produced better stabilization compared with 
the same reinforcement placed on the surface. This result is 
attributable to the confinement provided by the overburden. 

OTHER CONSIDERATIONS 

Scale Effects 

Because the CBR tests were not full-scale tests, some scale 
effects must be considered in evaluating the obtained results. 
The primary problems related to scale effects concern the 
small diameter of the CBR piston (1. 95 in.) relative to (a) 
the size of the jacks (= 1.0 in.), (b) the depth to the first 
layer of reinforcement, and ( c) typical widths of actual bearing 
areas (e.g., approximately 1 to 2 ft for wheel loads and ;;:::: 3 
ft for footings). Regarding the size of the jacks, typical rules 
dictate that the diameter of the piston should have been more 
than six times the largest particle size, rather than twice the 
size as in these CBR tests. 

Whether the use of CBR tests to determine stress-: penetration 
characteristics overestimates or underestimates the improve
ment obtained from the incorporation of jacks on or within 
the soil is not readily apparent, and is clearly a function of 
many parameters. These parameters include the width of the 
bearing area, the magnitude of the applied load, the amount 
and orientation of the reinforcement (layered or random jacks 
in this case), and the depth to the first layer of reinforcement. 

For random jacks, the location of the piston relative to the 
locations of the adjacent jacks would probably affect the stress
penetration results. For example, the results would probably 
be different if the piston were placed directly over a jack near 
the surface than if it were placed between jacks that were 
located at some depth in the layer. The results for either 
condition would vary from the "average" results of all possible 
conditions. An estimate of the degree of variation of the 
results could have been obtained from multiple testing in each 
test pad section. This was not done in this study because of 
time and budgetary restrictions. However, the fact that im
provements in both stiffness and strength were noted in all 
three instances where tests were conducted on soils containing 
random jacks suggests that some improvement was obtained 
by including the jacks. 

For CBR tests conducted on soils containing layered jacks, 
the effect of the small piston diameter to element width ratio 
was prob~bly less pronounced. For the five test sections in 
which the first layer was located at a depth of 1.5 in., the 
diameter of the zone of influence would have been approxi
mately 3.5 in. (assuming an approximate 2:1 stress distribution 
with depth), which would have involved the interaction of at 
least 10 jacks in the upper portion of the reinforcement layer 
(assuming each jack occupies an area of 1 in.2, which is an 
overestimate because of overlapping among the jacks). Be
cause the reinforcing effect in layered jacks is derived from 
a combination of bearing resistance as the lower jacks are 
pushed into the soil, interlocking among adjacent jacks, and 
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confinement of the soil above the first layer, the results for 
similar stress conditions under a larger loaded area would 
probably be at least qualitatively comparable to those ob
tained in these tests.· 

The scale effect caused by the small diameter of the piston 
compared with practical load-bearing areas is a more difficult 
issue to address. Even in homogeneous sand, the relationship 
between stiffness and width of loaded area is not clear-cut. 
This was demonstrated by Kogler (7), who studied the re
lationship between width of square footing and settlement 
under the same applied stress and found that settlement was 
a minimum for a width (B) of about 0.7 ft, increased rapidly 
with decreasing width below 0. 7 ft, and increased gradually 
with increasing B above 0. 7 ft. This unusual relationship is 
related to two contrasting components of settlement: (a) 
compression beneath the central portion of the footing, which 
approximates one-dimensional compression and is essentially 
independent of the horizontal pressures, and (b) lateral yield
ing near the edge of the loaded area, which depends signifi
cantly on the confining pressure. As the width of the loaded 
area increases, the percentage of the loaded area beneath 
which compression occurs increases, resulting in a tendency 

· toward decreased stiffness. However, the depth of influence 
and the average confining pressure also increase with increas
ing B, resulting in a tendency toward increased stiffness. 
Kogler's results suggest that CBR tests in sands substantially 
underestimate the stiffness of the soil for most practical bear
ing widths. Similar analyses indicate that peak strength is also 
underestimated in the CBR test. 

In soils with randomly oriented jacks, the CBR test prob
ably underestimates the stiffness in a magnitude comparable 
to that for unreinforced sands. The jacks are relatively rigid 
structural elements that increase the stiffness by bearing against 
soil in the direction of deformation. This passive resistance is 
greater than that developed by the soil alone in shearing resis
tance. The overall result is increased stiffness regardless of 
the mechanism of deformation (vertical compression or lateral 
yielding). 

The results from CBR tests in soils with layered jacks also 
are likely to underestimate the stiffness and strength of these 
composite soils. Layered jacks reinforce the soil primarily by 
reducing compression in the vertical direction (via bearing 
and interlocking as described previously) and secondarily by 
limiting lateral yielding via the undulating surface of the jack 
layer. With increasing bearing width, a greater percentage of 
settlement occurs as vertical compression, so layered jacks 
should be stiffer for practical bearing widths than for the CBR 
piston under comparable conditions. The ratio of the bearing 
width to the depth of the first layer of reinforcement is also 
a critical factor, as has been shown in research on horizontal 
continuous reinforcement (6). 

In summary, it appears that the CBR tests underestimate 
the stiffness and strength of both unreinforced and jack
reinforced soils compared with practical bearing conditions. 
Although a complex theoretical analysis can be undertaken, 
the relative magnitudes of the underestimation can only be 
ascertained by conducting field experiments at full-scale bear
ing widths. Because this was not feasible in this research pro
gram, only qualitative comparisons can be made. It appears, 
however, that the qualitative comparisons are useful despite 
the inherent scale effects. 
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Cost and Practicability 

The usefulness of any technology depends not only on its 
technical feasibility but also on its affordability. It is difficult 
to assess the affordability of this technology at the present 
early stage of development. Only two prototypical jacks have 
been manufactured to date-both essentially the same except 
for their material properties. Because of manufacturing dif
ficulties and funding limitations, the jacks used in this study 
were deficient in many respects from the initial design pre
pared by the authors. Desired characteristics not incorporated 

.. by the initial prototypes include thinner stems for a more 
efficient element (same reinforcing capability at a lower vol
ume), rougher surfaces to promote greater soil-jack interac
tion, heads on all six stems to produce greater interlocking, 
and stronger and stiffer geosynthetic materials. 

The total cost per jack (excluding the cost of manufacturing 
the injection mold) in this study was approximately $0.18. 
This high unit cost was caused by the low volume of jacks 
manufactured (6,000) and the small injection mold, which 
only produced two jacks at a time. At these unit costs, jacks 
are obviously not competitive with alternate reinforcing meth
ods or select sand and gravel. However, with a full production 
injection mold, it is estimated that the unit cost of the jacks 
could be reduced to about $0.001 to $0.005. At this cost the 
jacks could be competitive in certain situations. Alternative 
methods for manufacturing the jacks more economically may 
be feasible and should be investigated. At this stage of de
velopment it is impossible to estimate the in-place cost of the 
jack-reinforced systems because additional research is needed 
to further refine the product and determine its applications 
and limitations. Methods for large-scale mixing and placement 
of jacks also need to be identified and developed. Other char
acteristics of the jacks that need to be evaluated in terms of 
their influence on effectiveness of jacks as reinforcement in
clude overall size and configuration, size and shape of heads 
and stems, and material properties in terms of durabil~ty and 
strength. Full-scale field tests in all anticipated applications 
must be conducted to assess the effectiveness and affordability 
of jacks. 

SUMMARY AND CONCLUSIONS 

In this i~itial field study of a new technology, the primary 
objective was to determine the technical feasibility of im
proving the engineering characteristics of cohesionless soils 
by incorporating multioriented reinforcing elements (jacks) 
on or within in situ or fill soils. CBR, resistance to compaction, 
rutting, and trafficability tests were conducted. The following 
general results and conclusions were determined: 

1. Results from CBR tests indicate that for the same method 
of compaction and compactive effort, the inclusion of jacks 
in either layered or random orientation generally improved 
the strength and stiffness of the soil. 

2. Random fibers created the greatest resistance to com
paction, followed in descending order by layered jacks and 
random jacks. Geogrid improved compaction by confining 
the soil. 
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3. Jacks placed on the surface of a wet silty sand reduced 
the rutting deformations for both single and multiple passes 
of a truck. 

4. Jacks were used in a dune sand to reduce rutting sub
stantially and to extricate vehicles that had become immo
bilized by placing jacks in pads behind or in front of the 
embedded wheels. Rutting deformations were significantly 
reduced by placing a thin layer of sand on top of the layered 
jacks rather than having the jack~ exposed. The most effective 
means of stabilizing the sand for repetitive vehicular traffic 
was a composite system· wherein layered jacks were placed 
on geogrid. 

5. In general, ultimate strength increases produced by fiber
reinforced soils were comparable with those developed for 
jack-reinforced soils. However, considerably greater defor
mation was required to mobilize the reinforcing effect in fiber
reinforced soils, suggesting that fiber-reinforced soils may be 
less suitable for situations where settlement or deformation 
of the soil controls the design. The stiffness of fiber-reinforced 
soils under low stresses was typically less than the comparable 
unreinforced soil, whereas layered jack-reinforced soils were 
generally stiffer than the unreinforced soil under all stress 
levels tested. 

Although the results from this preliminary small-scale field 
study suggest that multioriented inclusions may have several 
potential uses, additional research and development is needed
particularly full-scale field tests associated with potential ap
plications-before this technology can be considered prac
ticable for commercial usage! 
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