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ABSTRACT

In order to develop a method of predicting the bearing capacity of
horizontal sandy ground reinforced with tensile-reinforcement layers hori-
zontally placed beneath a footing, a series of plane strain model tests with a
strip footing was performed. The effects of the length, the arrangements
and the rigidity and rupture strength of reinforcement were examined
systematically. The strain fields in sand, the tensile forces in reinforcement
and the distribution of contact pressure on footing were measured.

Even by means of reinforcement layers with a length similar to the
footing width, the bearing capacity increased-remarkably. Also, the por-
tions of reinforcement layers located outside the footing width contributed
to the increase in the bearing capacity only in a secondary way. The bearing
capacity of reinforced sand was found equal to the smaller of the following
two values; the one controlled by the failure of the reinforced zone
immediately beneath the footing and the other by the failure of sand
beneath the reinforced zone.

Based on the test results, a method of stability analysis by the limit
equilibrium method was developed, taking into account the effects of the
arrangement and properties of reinforcement and the failure modes of
reinforced sand. The predicted values were well in accordance with the
measured ones.

NOTATION

cross-sectional area of reinforcing strip
width of footing (=10c¢m)
51
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BCR bearing capacity ratio = {increased value of q, by
deepening footing or by reinforcing}/{q, for surface
footing on unreinforced sand}

CR covering ratio, or plane density of reinforcement
D depth of each reinforcement layer

Dy depth of footing

Dg depth of the deepest reinforcement layer
Ex Young’s modulus of reinforcement

L length of reinforcement

n number of reinforcement layers

N = 2q/(v4'B) normalized contact pressure on footing
N,q the maximum value of N

q average contact pressure

qu peak value of g

S settlement of footing

St settlement of footing at peak load

Sr horizontal spacing of reinforcement

w width of reinforcement member

Y4 dry unit weight of sand

£ major principal strain (%)

& intermediate principal strain (%)

&3 minor principal strain (%)

~.

’

1 INTRODUCTION

In some engineering practices, the bearing capacity of ground has to be
improved in an economical way. One of the promising methods is to place
tensile-reinforcement layers horizontal beneath the footing.

For reinforced sandy ground loaded with a footing, the following two
different failure mechanisms have been proposed:

(1) An anchoring mechanism (Binquet & Lee!*?); the reinforcement
layers should be sufficiently longer than the footing width so that the
portions anchored in the zones outside the footing width can resist the
downwards displacement of the zone immediately beneath the footing
(Fig. 1).

(2) A strain-restraining mechanism (Huang & Tatsuoka®); the rein-
forcement layers having a length similar to the footing width can remark-
ably increase the bearing capacity by increasing the compressive strength
of the reinforced zone immediately beneath the footing, as a result of
restraining potential tensile strains in that zone.
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Fig. 1. Anchoring failure mechanism.

The above two mechanisms lead to totally different design procedures.
Thus, the present study was performed:

- (1) to obtain a fundamental understanding of the failure mechanism of
reinforced sand loaded with a surface footing,

(2) to examine experimentally the effects of the length, the number of
layers, the horizontal spacing and the stiffness and rupture strength of
reinforcement, and

(3) to develop a rational method of stability analysis, suitable for
designing.

The tests were performed on level, model sandy ground. However, it was
considered that the findings obtained from the present study may be
applied to the case of a footing placed near the slope of embankment after
some modifications. A part of the results of the present study has been
reported elsewhere.?

2 MODEL TEST

Figure 2 shows the setup of the model test. Each side wall of the sand box
consisted of a 3 cm-thick transparent acryl plate, restrained by a steel
stiffener for ensuring the plane strain condition. The inside surface of the
acryl plate was well lubricated by means of a 0-5 mm-thick silicone grease
layer placed between the plate and a 0-2 mm-thick latex rubber membrane
in contact with sand. The friction angle in the zone beneath the footing
under the test condition, estimated from the direct shear tests on the
lubrication layers, was about 0-05°.*

On the outer surface of the membrane, 1cm-square meshes were
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Fig. 2. Model test arrangement.

drawn. Displacements in the intermediate principal strain (¢,) plane in the
model were obtained from displacements at the nodes of the meshes. They
were read from pictures taken occasionally during each test. It has been
confirmed that the displacements in the model seen in the lateral surface
are virtually the same as those at the central section.

Each model ground was constructed by pluviating air-dried Toyoura
sand from a slit of a hopper, which was moved over the sand box
repeatedly. The falling height was adjusted so that it was kept between 80
and 82 cm. By this method, homogeneous sand models having relative
density values in a range of 80~86% were obtained. At each prescribed
depth, pluviation of sand was temporarily ceased and a layer of reinforce-
ment was placed on the surface of sand. After this, sand pluviation was
continued.

Toyoura sand has a mean diameter of 0-16 mm, a coefficient of uni-
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formity of 1-46, a specific gravity of 2-64 and a sub-angular to angular
particle shape, with a high content of quartz. The maximum and mini-
mum values of dry unit weight y4 determined by the method specified by
the Japanese Society of Soil Mechanics and Foundation Engineering are
16-11 and 13-09 kN/m>. The plane strain strength and deformation prop-
erties of Toyoura sand have been thoroughly studied.>

A 10 cm-wide rigid footing with a rough base, guided against tilting, was
loaded at a controlled displacement rate between 0-1 and 0-2 mm/min.
The normal and shear stresses and their distributions were measured at the
central third of strip footing by means of five load cells, each of which
measured the normal and shear forces separately.

Four types of reinforcing strips were used (Table 1). The tensile rigidity
ERr-Ag and the rupture strength of reinforcement were changed largely to
study their effects. Except for Type-4, the tensile forces in reinforce-
ment were measured by means of strain gages attached to their surfaces.
The surfaces of all the reinforcements were made very rough. For Types-1,
2 and 3, the particles of Toyoura sand were glued to the surfaces and for
Type-4, ribs of mild steel bar with a diameter of 1 mm were attached at a
spacing of 1-0 cm. .

The tests performed are listed in Table 2. They consist of the following
five groups (see Fig. 3):

Group-a Group-b
3
w7 7 rr7hm v
1 d;_ 1 d .
- 8 /D d 0 df ___ _  la=
— /_1' d: _Ln di____""a
—8 L=841 — ¢ —
D,=80,83,86(%) D,=0.3B,0.68, Dr=0.38,0.68B,
T . 0.9B,1.58 0.98,1.58B L=1.0B,2.0B,3.5B,
relative density 6.0B
’ Group-¢ Group-d Group-e

przr7a wzhm V7272

d d d
e — - -
d = | i | I—=)
F—tL=68 — b— L=2 — — L=28 —
n=1,2,3 . CR=4.5%,9.0%,18% Ep-Agp=18.3 , 3.66 ,

1.05(x10% )N

n : number of reinforcement layers , d/B=0.3

Fig. 3. Groups of tests.
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Group-a: to study whether short reinforcement layers having alength L
similar to the footing width B can reinforce the ground effectively. The
purposes include also the effects of the number of layers of the short
reinforcement with L = B. Three tests with a footing on the surface on
unreinforced sand were performed as reference tests. In the tests of
Group-a through Group-d, only Type-1 reinforcement was used.

Group-b: to study into the effects of the length of reinforcement,
L = B,2B,3-5B and 6B, in the case of the number of layersn = 3. Onlyin
Test No. 18, the length was not constant as L = 2B for the topmost layer
and 3-5B for the other lower layers.

Group-c: to study into the effects of the number of layers,n = 1,2 and
3, in the case of long reinforcement of L = 6B.

Group-d: to study into the coveringratio CR, in the case of L/B = 2 and
n = 3. CR is defined in Fig. 2.

Group-e: to study into the effect of the rigidity and rupture strength of
reinforcementin the case of L/B = 2and n = 3. In this group, all the types
of reinforcement were used.

3 TEST RESULTS

3.1 Group-a

Figure 4 shows the normalized relationships between footing load and
settlement for Group-a, in terms of N = 2q/(7y4 - B) and S/B. The values of
N in this and the following similar figures are not corrected for the
differences in yy among different tests. It may be seen that even short
reinforcement of L = B can increase both the initial stiffness and peak
strength of ground.

It may also be seen that the bearing capacity for sand reinforced to a
depth of Dy with CR = 18%, loaded with a surface footing, is very similar
to that of the unreinforced sand, loaded with a rigid deep footing having
the same depth D; = Dg. This is the case for Dy = Dg up to 0-9B.
However, the sand reinforced to Dy = 1-5B had a lower initial stiffness
than the deep footing with D; = 1-5B, while the peak strengths in both the
cases were very similar.

For both unreinforced and reinforced cases, with the increase in the
depth (i.e., Drand Dg), the settlement at peak (S;) increased. This is due
to higher compressibilities of the sand at higher pressure levels, as has
been observed in the plane strain compression (PSC) test on Toyoura
sand.* A larger value of S;in the reinforced sand of Dg = 1-5B than the
unreinforced sand loaded with a deep footing of D = 1-:5B may be due to
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Fig. 4. Footing load-displacement relations for Group-a.

compression in the reinforced zone caused by the increased footing load.

Figure 5(a) shows the contours of maximum shear strain ¢; — &5 between
the start of loading and S; = 0-07B at which the failure for the unrein-
forced sand of Dy = Dg = 0 occurred. This figure was constructed from
the corresponding strain field, obtained as follows. The strain at the center
of each 1 cm X 1 cm element was obtained from the displacements at its
four nodes measured from its picture, assuming a linear variation in strain
in the element. The accuracy for displacements estimated was about
0-012 mm and that for strains was about 1-0%.

Intensely sheared bands appeared from the edges of the footing and a
wedge was formed immediately beneath the footing. Outside and inside
the wedge, strains remained relatively small. Note that at the failure of
sand (i.e., when the peak strength or the angle of internal friction
¢ = arcsin{(oy — 03)/(0) + 03)}max is mobilized), the maximum shear
strain (&, — ;) in a plain strain compression (PSC) test is about 5% under
the same test condition of the present study. This result indicates that the
failure in sand is rather progressive in the sense that the peak strength is
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TEST NO.3 TEST NO.8 TEST NO.10O
unreinforced unreintorced ,0¢ /B=0.8 L/B=1,Da/B=0.9
S$/8=0.07 §$/8=0.09 S /8=0.089

. (b)
Fig. 5. Contours of &, — £3(%) for Group-a.

never mobilized simultaneously along the potential failure planes. This
result also suggests that the most effective method of reinforcing is to place
tensile reinforcement layers immediately beneath the footing so as to
restrain the potential tensile strains as seen in Fig. 5(a).

Figure 5(b) is similar for a rigid deep footing of D¢ = 0-9B on unrein-
forced sand. In the zone beneath the footing, the pattern of strain
distribution is similar to that seen in Fig. 5(a). Figure 5(c) is for the case of

sand reinforced to a depth of Dg = 0-9B. The following points can be
seen:

(a) In the zone reinforced to a depth of Dy beneath the footing, only
small strains were induced. Along the lateral faces of this zone, intensely
sheared bands were formed. These results indicate that the reinforced
zone behaved like a part of rigid deep footing. This means that the
potential strains, as seen in Fig. 5(a), had been restrained effectively and
the shear bands formed in the unreinforced sand had moved outwards due
to the effects of reinforcing.

(b) Beneath the reinforced zone, a largely strained zone was formed,
and it is similar to that seen beneath the deep footing (Fig. 5(b)).

Figure 6(a) compares the normal stresses and the friction angles on the
footing base at failure for sand either unreinforced or reinforced to
different depths. It may be seen that the increase in the normal stress by
reinforcing is larger at locations closer to the center of the footing. Typical
examples of the relations between the shear stress on the footing base and
settlement are shown in Figs 6(b) and (c). It may be seen that by
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Fig. 6. Normal and shear stresses on footing base of surface footing
reinforced sand.

on unreinforced and
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reinforcing, the shear forces became larger in load cells Nos 2 and 4,
located at 0-2B from the center of the footing. These results suggest that
the increased footing load by reinforcing to a depth is supported mainly by
the increased compressive strength of the central part of the zone, which is
a consequence of mobilized tensile forces in reinforcement. The strain-
restraining failure mechanism® for reinforced sand has been proposed
based on these observations described above.

Consequently, it was concluded that ‘by densely reinforcing sand with
stiff tensile-reinforcement having a length similar to the footing width, a
failure occurs in sand beneath the reinforced zone, and the bearing
capacity characteristics become very similar to that of unreinforced sand
loaded with a rigid deep footing having an equivalent depth.’

3.2 Group-b

Figure 7 shows the footing load-settlement relationships for Group-b.
In order to increase the bearing capacity, increasing the reinforcement

O

o T T

~ n=3,L/B=6

qQ
gy
———n S
n=3,L/B%3.5.

° b— L —

ot o

(3]
5 n=3,L/B=2"
0
N o n=3,L/B=1
T O -
. o
o~
n
2

o

.o- i Test No.2(unreinforced)

o 1 1

4] 0.05 0.10 0.15
S/B

Fig. 7. Footing load-displacement relations for Group-b.
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length L from B to 6B was found to be not as efficient as increasing the
number of short reinforcement layers of L = B as shown in Fig. 4. It is
particularly true for the initial rigidity. Figures 8(a) and (b) show the
measured tensile forces in reinforcement at steps with an increment of
S/B = 0-01, for the cases of L = 6B and L = 3-5B. It is seen that the
tensile forces in reinforcement layers are largest at the center and much
smaller outside the footing width. Furthermore, compressive forces were
induced in some of the reinforcement members at about 1-25B from the
center of footing. These results indicate the following two points:

(a) The effect of restraining the potential tensile strains is largest
beneath the footing. The extended portions of reinforcement beyond the
footing width contribute only in a secondary manner to the increase in the
bearing capacity.

(b) The direction of reinforcement placed horizontally beyond 1-258
from the center of footing is very close to the direction of potential major
principal strains in compression in unreinforced sand as observed in the
present study. This means the reinforcing strips placed horizontally in that
area cannot restrain potential tensile strains.

For different lengths of reinforcement, Figs 9(a), (b), (c) and (d)
compare the strain fields at /B = 0-07, at which the peak footing load is
attained in the unreinforced sand loaded with a surface footing. Intensely
sheared bands were formed along the vertical lateral faces of the rein-
forced zone with a width of L = B (see also Fig. 5(a)). These were spread
into wider areas by using reinforcement layers longer than B. This means
that the zone reinforced with reinforcement layers longer than B behaved
like a slab wider than B. Note also that the strain fields do not change
largely for L equal to and larger than 2B. Thus, the width of the ‘wide slab’
even for sand reinforced with very long reinforcement layers should not be
considered equal to the length of reinforcement, but much smaller.
Consequently, the increase in the bearing capacity by using long reinforce-
ment layers can be considered due to the following two factors:

(a) The deep footing effect, as typically observed in the case of rein-
forcing with short reinforcement layers of L = B.

(b) The effects contributed by the portions of reinforcement placed in
the zone beyond the footing width. This type of effect will be called the
‘wide slab’ effect. The effect increases at a smaller rate with the increase in
L for L larger than B. The test results showed that the wide slab effect
contributed by about 10 ~ 50% of the total increase in the bearing capacity
and the degree of contribution increased with increasing CR or n, while
slightly increasing with L when L > 28B.
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3.3 Group-c

Figure 10 compares the effects of the number of reinforcement layers n in
the case of L = 6B. It may be seen that the bearing capacity increased with
the increase in 7 in a manner quite similar to that observed for L/B = 1in
Group-a (see Fig. 4). This result also implies that the ‘deep footing effect’
is dominant also for reinforcement layers longer than B.

3.4 Group-d

Figure 11 shows the effects of covering ratio CR for the case of L = 2B and
n = 3. With increasing CR, both the peak strength and the settlement at
peak load (S;) increased. It may be noted that the increase in the bearing
capacity was not proportional to CR for CR larger than 9%. This result
suggests that there is an upper bound in CR, above which anincrease in the
bearing capacity with the increase in CR cannot be expected. This kind of

g L 1
M n=3,L/B=6
q
==
— } n

o L —

8 -
o -
° n=2,L/B=6
>
5 & :
o~
)
2

n=1,L/B=6

o

er Test No.2(unreinforced)

o L N 1 L 1 L A N 1 [] 1 1 i n

0 0.05 0.10 0.15
S/B

Fig. 10. Footing load-displacement relations for Group-c.
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200
I

100
T
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0 0.05 0.10 0.15
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Fig. 11. Footing load-displacement relations for Group-d.

upper bound has been observed by Jewell’ in direct shear tests and by
Tatsuoka® in both PSC tests and bearing capacity model tests on reinforced
sand.

Figures 12(a), (b) and (c) compare the strain fields. For the densely
reinforced condition with CR = 18%, immediately beneath the footing, a
zone of small strain similar to that observed for L = B in Fig. 5(b) may be
clearly seen. However, for CR = 4:5%, the strains in this zone were
larger, while they were smaller than when unreinforced. This result
indicates that failure tends to occur in the reinforced zone immediately
beneath the footing when using a relatively small number of reinforce-
ments.

3.5 Group-e
Fig. 13 shows the effects of the tensile rigidity and rupture strength of

reinforcement. For the phosphor-bronze reinforcement of Types 2 and 3,
the thickness of strip was different at 0-1 mm and 0-5 mm. The differences
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Fig. 14. Rupture of Type-4 reinforcement observed after the test.

in the bearing capacity of ground for the different tensile rigidity of
reinforcement were negligible. Also for the case of Type-4 reinforcement,
which had the smallest stiffness, the behavior was very similar to those for
the other cases until the footing settlement S became approximately
0-06B.

For Type 4, at S/B larger than 0-06, the rate of the increase in the footing
load decreased, accompanying fluctuation in the relationships. This be-
havior is due to the rupture failure of the reinforcement. The evidence is,
first, the sound of rupture heard after S/B = 0-06 and as a more clear one,
the breakage observed after excavating the model (Fig. 14). It isimportant
to note that the failed positions in reinforcement are close to the central
line of footing and a larger number of reinforcements failed at deeper
layers. This result coincides with the measured tensile forces shown in Figs
8(a) and (b).

Note that among Types 2, 3 and 4, the tensile rigidities Eg - Ag were
different by a factor of 17. These results indicate that unless the rupture
failure of reinforcement occurred, the rigidity of reinforcement has neg-
ligible effects on the bearing capacity for the range examined in the present
study. It is probable that the effects of reinforcement rigidity become
pronounced only for a range of much smaller rigidities.

To make the surface of reinforcement very rough, sand particles were
glued to the surface for Type-1 and ribs were attached for Type-2. The
behavior for the two different surface conditions of reinforcement is also
compared in Fig. 13. It may be seen that the difference is negligible. Thus,
both types of reinforcement can be considered having similar very rough
surfaces.
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3.6 Failure mechanism for reinforced sand ground

From the test results, the failure modes in reinforced sand may be
classified as follows:

(1) Compressive failure in the unreinforced zone beneath the reinforced
zone as occurred in the unreinforced zone immediately beneath a rigid
deep footing. This will be called ‘Failure mode-1’ as a result of the deep
footing effect (Fig. 15(a)). For reinforcement having L larger than B,
the contribution of the wide slab effect to the bearing capacity should be
additionally accounted for.

(2) Compressive failure within the reinforced zone having a width
similar to the footing width immediately beneath the footing, caused by an
insufficient capability of reinforcement for restraining potential tensile
strains in soil. It will be called ‘Failure mode-2’ (Fig. 15(b)). This type of
failure results from one of the following factors: (a) the bond failure
between sand and reinforcement surface; (b) an insufficient CR of rein-
forcement; and (c) the rupture failure of reinforcement. The compressive
failure in reinforced zone due to the bond failure was not observed in the
present study, while it may occur in the case of full-scale ground when the
surface of reinforcement is not sufficiently rough.

4 MODEL FOR CALCULATING THE STRENGTH INCREASE IN
REINFORCED SAND

4.1 Failure mode-1

It was found that when the value of ¢ at & = 90° by the PSC test (8 is the
angle between o, direction and the bedding plane) is used, the bearing
capacity for unreinforced sand loaded with a surface footing is largely
overestimated by a bearing capacity theory assuming the isotropic rigid-
perfectly plastic properties for sand. For example, for Test No. 2, the
bearing capacity factor Ny calculated by using the equation of Meyerhof®
for ¢ = 49-4° is 800. Compared with the measured value of 112, this
theoretical value is extremely large. Such a discrepancy was found also for
the bearing capacity factor Ng. This larger discrepancy is due mainly to the
fact that the following two factors are ignored in the theory:

(1) Sand deposited vertically exhibits a large degree of anisotropy in its
strength and deformation properties.* Thus, the use of ¢ at § = 90°by a
PSC test is an overestimation of ¢ in the ground in which the angle &
changes along potential failure planes.



Bearing capacity of reinforced horizontal sandy ground 71
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Fig. 15. Two failure modes of reinforced sand.

(2) As seen from Figs 5(a) and (b), the zone at and near failure is limited
to the active zone immediately beneath the footing. This behavior is due to
the progressive failure in ground.

Consequently, it was assumed that for a surface footing on unreinforced
sand, the failure mode in the unreinforced block including the active zone
is similar to that in a specimen for the PSC test as illustrated in Fig. 16(a).
Then, the bearing capacity g, may be obtained as:

gs = q1+q2 (1)

in which g; is the compressive strength of the block and g, is the
component by the other factors, such as the friction at lateral surfaces of
the block and others, which do not exist in a PSC test. The value of ¢, was
assumed to be obtained as:

9 = Kp'acsa Oes = Kp'Yd'(C+sl)/2 (2)

inwhich K, = tan?(45° + ¢/2), ¢ is the internal friction angle of sand in the
corresponding PSC test at § = 90°, -y, is the dry unit weight of sand, and ¢
and s, are the height of the block and the settlement of footing at failure
respectively.

A similar equation to eqn (1) was assumed valid for the bearing capacity
g for unreinforced sand, loaded with a rigid deep footing:

9 = q3+q4 (3)

in which g5 is the compressive strength of the block including the active
zone immediately beneath the deep footing (denoted by B in Fig. 16(b)),
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Fig. 16. Simplified failure modes for unreinforced ground; (a) surface footing, and (b) deep
footing.

which also is considered to behave like an element in a PSC test, and g, is
the component similar to g,, which does not exist in a PSC test. In the
similar manner as for ¢,, the value of g; was assumed to be obtained as:

93 = Kp *Ocdy Ocd = Kp *Ya- (2Df+ b+ 282)/2 (4)

in which Dy, b and s, are the initial depth of footing, the height of the block
B and the settlement of footing at failure, respectively.

The angle between shear band direction and the horizontal direction is
denoted as ¢ in Fig. 16. The observed values of 6 slightly scattered as
6 = 45° + ¢/2 + (3°~ 7°), in which ¢ is the value estimated for each case
and is in a range of 48-8° ~ 50-2°. Since the effect of the small variation in 9
on the results of analysis was found negligible, 8§ = 45° + ¢/2 was assumed
in the following.

From eqns (1) and (3), the increase in the bearing capacity by deepening
a rigid footing in unreinforced sand is obtained as

Agg =qB—qu=q3—q1+(s—q2) = q3—q, (%)

Eqgn (5) assumes that the term g, — g, is relatively small and can be
neglected.

When reinforced sand loaded with a surface footing fails under Failure
mode-1, the increase in the bearing capacity by reinforcing was assumed to
be obtained also by eqn (5).

In the case of long reinforcement layers (L > B), the wide slab effect
must be evaluated. One of the methods is to consider an equivalent rigid
deep footing having a base wider than the original one. However, the
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‘wide slab’ may be relatively flexible and may tend to deform nonuniform-
ly, thus it may be difficult to evaluate the bearing capacity. Rather than
that, the method used in the present study is to evaluate the increase in
upward friction AS on the lateral surfaces of the zone directly beneath the
footing (denoted as A in Fig. 17), induced by the tensile forces in
reinforcement at its lateral surfaces. Thus, for Failure mode-1, the in-
crease in the bearing capacity is obtained as:

Agc = Agg + AS (6)

in which Agjg is obtained from eqn (5) and

As=2-{2Te,i-tan¢-Ni}/B Q)
i=1

in which » is the number of reinforcement layers, N; is the number of
reinforcements per unit length in the layer i and T ; is the tensile force in
each strip in the layer i at the lateral face of the block A. In the following
analysis, for T, ;, the values measured at the peak footing load, as shown in
Figs 8(a) and (b), will be used. Itis to be noted that in the case of L = B,
Agq. is equal to Agg.

4.2 Failure mode-2

For Failure mode-2, the increase in the compressive strength of the
reinforced block A, shown in Fig. 18, will be denoted as Ag,. It was
assumed that Ag, is due to the increase in the lateral confinement on block

Qy +20g +48S
v+ ¥+ ¢

— B —

“TART_ BTy
Te.1_,:l ,/,/, ,/'//,/'P_Te.t
Te2, fas/2(a) as/oh  Te-2
T r'/ ..’///’ / 1/' T
M S G ////;4-9'3‘
G oy .
\ 1 Reinforcing strips
\ /
/
\ J 0 = 45°+P /2
\
/
\\ /
v

Fig. 17. Side wall friction for long reinforcement in Failure mode-1.
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A, induced by tensile forces in reinforcement inside the block A. Thus, the
value of Ag, is obtained as:

Agp = Kp'a'tr o= {2 (Tav.i'Ni)}/DR (8)
i=1

in which Nj; is the number of strips per unit length in the reinforcement
layer i, and T,, ; is the averaged tensile force at the layer i in the block A.
The value of T, ; was obtained as (Tppax.; + Te)/2, in which T, ;and T
are the maximum tensile force at the center and the tensile force at the
lateral surface of the block A in the strip i.

Qu+aly,

vy 4 4
TR

@ Tmax.
(Tmax+T;)/

[ ~

: -
-

i

=

4

[ |

[ o, | W

A

— B —¥
Reinforcing strips
—— N

Fig. 18. Increase in confining pressure by reinforcing in Failure mode-2.

4.3 Comparisons between predicted and measured values

For obtaining the predicted values of the bearing capacity increase in
reinforced sand, first, the value of Aq, was compared with Agg or Aq. for
each case (Table 2). Then, the smaller value of these values was selected as
a predicted value. The results of the analysis are shown in Figs 19-23, in
which the bearing capacity increase in each case is presented in the
normalized forms:

BCR = q,(D¢>0)/q,, BCR = q,(Dr>0)/q, for measured values (9)
BCRA = (qu+Aqa)/q.
BCRB = (Qu + AqB)/qu

and

BCR¢ = (g, + Aq.)/q, for predicted values (10)
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in which g, is obtained from the reference tests with a surface footing on
unreinforced sand in Group-a, corrected to the same sand density for each
case. q,(D¢>0) and g,(Dg > 0) are the measured bearing capacily values
for a deep footing in unreinforced sand and for a surface footing on
reinforced sand, respectively.

It may be seen that the predicted values are well in accordance with the
measured ones in all the cases, and the failure modes predicted also agree
with observed ones.

In the present study, Failure mode-2 was observed and also predicted in
two tests, which were:

(1) Test No. 14 in Group-d, in which the value of CR was insufficient and
the rupture of reinforcement did not occur.

(2) Test No. 21 in Group-e, in which the rupture of reinforcement
occurred. In this case, T, in eqn (8) was assumed equal to the rupture
strength.

When Aga = Agq,, the arrangement of reinforcement can be considered
as an optimum. It may be seen from Figs 22 and 23 that this condition may
be realized between CR = 4-5% and 9% (Group-d) and betwcen rein-
forcement Type-3 and Type-4 (Group-e).

5 TENSILE FORCES IN REINFORCEMENT

In the analyses described above, the measured tensile forces were used to
predict the bearing capacity of reinforced sand. However, these values are
to be estimated in design procedures. For obtaining information in this
respect, the following analysis was made.

When the mobilized friction angle upop, and the normal stress « on the
surface of reinforcement at the moment of the peak footing load can be
predicted, the shear stress or the bond stress 7 can be calculated as

T= 07 tan phop (11)

The tensile forces can be obtained by integrating 7. However, it is very
difficult to estimate exact values of o). Thus, it was assumed that the
distributions of average vertical stress in the reinforced sand can be
obtained from the elastic solution!® (Fig. 23);

o, =p-la+sina-cos(a+2-B){nw (12)

in which p is the contact normal stress on footing measured at the peak
loading, as shown in Fig. 6(a), a and B are the angles shown in Fig. 24. The
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Fig. 24. Schematic figure of elastic solution for semi-infinite soil mass.

shear stress 7, on the surface of reinforcement measured at the peak load,
averaged for a distance L, between the measuring points, No. i and No.
i+ 1, is expressed as,

T = (Ti—Ti+l)/(2'Li'W) (13)

in which T; and T;, ; are the measured tensile forces at No.iand No.i+1
(see Fig. 8), and W is the width of reinforcement. Equation (13) assumes a
linear variation in the tensile forces between the adjacent measuring
points. Further, the shear stress along the reinforcement 7,, averaged for a
certain longer length L, = 2 L;, can be expressed as,

Ta = (E7-L) Ly (14)

In the following analysis, when L is less than 2-5B, L, = L/2 was used.
When L is not smaller than 2-5B, L, = 1:25B was used. The values of o,
averaged for L, o,,, were obtained in a similar way. Then, the average
mobilized friction angles for L, were obtained as,

Hmob.a = tan~! (Talo'za) (15)

The values for both sides of the footing were averaged and plotted in Figs
25(a) and (b). Due to the several assumptions used, fnob.a Calculated by
eqn (15) should be considered as an approximation. It may be noted in Fig.
25(a) that the value of gy 2 for D/B = 1-2 was too small. It seems that
this value is not very reliable, since the prediction of o, by eqn (12)
becomes less accurate at deeper locations. The empirical relations shown
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in the figures were obtained by the least square method. The following
points may be seen:

(1) For both cases of L/B = 1 and L/B> 1, the friction angle pyqp.4
increases with the increase in the depth D of the reinforcement layer for
which g0 . is Obtained, and is independent of the number of reinforce-
ment layers. :

(2) The friction angle g0 2 decreases with the increase in the covering
ratio CR from 4-5% to 18%, but the decreasing rate between 9% and 18%
is smaller than that between 4-5% and 9%. This tendency that the
decrease in un,.,. as CR increases corresponds to the fact that the
efficiency of increasing CR decreases as CR increases as shown in Fig. 11.

(3) For the same value of CR, the friction angle p, . is larger for
L/B = 1 than for L/B > 1. This is due to the fact that the values of p,,
outside the footing width are smaller than those within it.

Note that the largest value of the apparent friction angle ptyop.2 thus
estimated is larger than 50°. This value may be much larger than the
friction angle u}.,, defined by using local stress o; (eqn 11). The
difference is due to the stress concentration on the reinforcement surface,
caused by the restraint to dilatancy as in the constant-volume simple-shear
condition.

CONCLUSIONS

The test results of the present study show that the bearing capacity in sand
can increase largely by reinforcing the zone immediately beneath the
footing with stiff short reinforcement layers having only a length equal to
the footing width. When densely reinforced, the reinforced zone behaved
like a part of deep footing.

Based on the test results, a reasonably accurate method for predicting
the bearing capacity increase in reinforced sandy ground was developed.
The features of this method are summarized in Table 3. However, further
studies on the mobilization of the friction angle between sand and rein-
forcement and the effect of the rigidity of reinforcement are needed. Also,
in using this method, the large settlements which may occur at the peak
footing load should not be ignored.
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