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Fundamental investigation of behavior of reinforced sand by expe1imental 

and numerical methods 

T.Nakai 
Nagoya Institute of Technology, Japan 

ABSTRACT: Triaxial compression tests and elastoplastic finite element analyses of reinforced sand have been 
performed to investigate the behavior of reinforced soil. Surface roughness and distance of reinforcements are 
Changed. The analytical results describe well overall tendency of various test results. Analysis under plane 
strain condition also has been done in which tensile stiffness of reinforcements as well as surface roughness 
and distance of them are taken into consideration. The mechanism of reinforced soil is then discussed on the 
basis of these experimental and analytical results. 

1 INTRODUCTION 

Recent! y, reinforced soil structures have become 
popular in earthwork construction. Then, many kinds 
of reinforcements have been used, and various 
methods for analysis and design of reinforced soil 
structures have been proposed. For precise analysis 
of the behavior of reinforced soil and/or good design 
of reinforced soil structure, it is necessary to evaluate 
properly the stress-strain behavior of soil, material 
property of reinforcements, frictional behavior 
between soil and reinforcements and arrangement of 
reinforcements in the ealth structure. 

The author (Nakai, 1991) carried out elastoplastic 
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Fig.I. Arrangement of reinforcements in triaxial 

tests. 
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finite element analyses of earth pressure of 
reinforced soil structure in which above factors are 
properly taken into consideration, together with 
model tests. In the present study, we will perform 
element tests on reinforced sand and their analyses 
using the same methods as the former analysis. 
Namely, the stress-strain behavior of sand is 
described by Gj-sand model (Nakai, 1989), and the 
frictional behavior between sand and reinforcements 
by elastoplastic joint elements (Nakai, 1985) in the 
analysis. On the basis of experimental results and 
analytical results, we will discuss about the basic 
mechanisms of reinforced soil. 

2 TRIAXIAL TES'FS ON REINFORCED SAND 
AND THEIR ANALYSIS 

2.1 Methods of test and analysis 

Triaxial compression tests using cylindrical specimen 
(5cm in diameter and 12.5cm in height) of reinforced 
sand have been conducted under drained condition. 
The sand used is medium dense Toyoura sand (initial 
void ratio eo=O.68), and reinforcements used are 
brass disks having diameter of 4.9cm and thickness 
of O.5mm. The reinforcements are put horizontally in 
the specimen of diameter D with an equal distance 
H, as shown in Fig.I. To discuss the influence of 
distance of reinforcement arrangement on reinforcing 
effect, tests with different distance of reinforcements 
are carried out. Two kinds of reinforcements with 



Table 1. Soil parameters for Toyoura sand. 

Ct 
C 

e 

m 

Rf =: ( a  1 / 03 ) f ( comp. ) 
Of :::: ( dcv /de,  ) f ( comp . ) 

2 

a 

ct. shell element 
/�jOint element : 

1----- Lf2 -. 

O . 8 4 x l 0 -2 

O � 6 0 x ' O 

0 . 3 

4 . 7  

-0 . 6  

0 . 8 5  

......l 
t=O � 

-2 

. " soil 
element 

J 
Fig.2. Finite element mesh. 

different surface roughness are used - brass disks 
without treatment and bass di�ks with rough surface. 
Rough surface is made by gluing sand on them. All 
the tests have been done under constant radial stress 
(0,=O.5kgffcm') at constant axial strain rate 
(z.=O.7x10-'fmin.). 

Axisymmetric finite element analysis corresponding 
to the above triaxial tests also have been done. Finite 
element mesh in Fig.2 is used for the region of H/2 
x D/2. Here, 25 quadrilateral solid elements are for 
sand, 5 shell elements on the top for reinforcements 
and 5 joint elements between shell elements and 
solid elements for describing frictional behavior 
between reinforcements and sand. An elastoplastic 
constitutive model named t;j-sand model (Nakai, 
1989) are employed to describe the stress-strain 
behavior of sand under general stress systems. 
Elastoplastic joint elements are also used to express 
the realistic slip behavior between reinforcement and 
sand (Nakai, 1985). The tensile stiffness of 
reinforcements are assumed to be infinite in this 
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Fig.3. Observed results of triaxial compression tests 
on reinforced sand and unreinforced sand. 

section, because the stiffness of brass is much larger 
than that of sand. Table 1 shows the soil parameters 
for Toyoura sand. In the analysis, three kinds of 
surface friction angles are assumed - 0=0

0 
(smooth 

surface), 10
0 and 200

• Analysis of 0=0
0 

corresponds 
to the analysis without reinforcement. 

2.2 Results and discussion 

Figure 3 shows experimental results for the case of 
D/H=2.0 and 1.25, arranged in terms of relation 
among principal stress ratio a/a" major principal 
strain EI and volumetric strain Ev- Here, every 
symbol with bar implies a quantity averaged in the 
specimen or on the boundary of specimen. The larger 
the ratio D/H is, the narrower the distance between 
reinforcements is. In this figure, triangles denote the 
results for unreinforced sand, solid circles the results 
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Fig.4. Computed results of triaxial compression tests 
on reinforced sand and unreinforced sand. 

for sand with brass disks and open circles the results 
for sand with rough brass disks. Figure 4 illustrates 
analytical results for D/H=2.0 and 1.0, arranged in 
the same relation as Fig.3. From the experimental 
results in Fig.3, the following features of reinforced 
sand are seen: 

(1) Observed reinforcing effect increases with 
increasing surface roughness of reinforcement 
and  decreasing distance between 
reinforcements. 

(2) Surface roughness of reinforcement 
influences very much on peak strength when 
the reinforcements are placed at narrow 
distance. 

(3) Though stress ratio (a/o,)-principal strain 
(EI) relation is influenced by the 
reinforcements, principal strain(zl)
volumetric strain (E,) relation is almost 
independent of the reinforcements. 

Analytical results in Fig.4 describes these observed 
features well as an overall tendency. To make clearer 
the feature (3), observed and analytical results of 
D/H=2.0 are arranged in terms of the relation 
between stress ratio (01/03) and strain increment ratio 
(-dejderl as shown in Fig.5. It is noticed from this 
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Fig.5. Relation between stress ratio and strain 
increment ratio . 

. figure that stress ratio-strain increment ratio relation 
depends on the roughness of reinforcements. On the 
other hand, it is well known that this relation is 
almost independent of density in unreinfored sand. 
Therefore, We can see that the mechanism of 
increasing strength and stiffness of soil by 
reinforcements is different from that by consolidation 
and/or compaction. 

Figure 6 shows the analytical results of tria'{ial 
extension tests on reinforced sand of D/H=2.0 under 
the condition of 0 =01=0.5kgf/cm2• There is not , " 
much difference between reinforced sand (6=20 ) 
and unreinforced sand (6=0" ) in deformation and 
strength characteristics. Computed results in Figs. 4 
and 6 describe well the characteristics of reinforced 
soil that reinforcements are most effective when they 
are placed in parallel to the direction of minor 
principal strain increment (minor principal stress) 
and are almost ineffective when perpendicular to this 
direction, as experimentally suggested by McGown 
et al (1978), Tatsuoka et al (1983) and others. 

3 ANALYSIS OF PLANE STRAIN TESTS ON 
REINFORCED SAND 

3.1 Method of analysis 

Assuming the model in Fig.7, we carried out finite 
element analysis of reinforced sand under plane 
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Fig.G. Computed results of triaxial extension tests on 
reinforced sand and unreinforced sand. 

plane strain 
Fig.7. 'Arrangement of reinforcements in plane 

strain tests. 

strain condition bY'using the same element mesh as 
Fig.2. In the previous section, we discussed about the 
effects of the surface roughness of reinforcements, 
the distance between reinforcements and the 
direction of r�il1forcements. Not only these effects 
but also the effect of tensile stiffness of 
reinforcements shaI! be investigated here on the basis 
of analytical results. Analyses have been done for the 
cases of D/H=2.0 and 1.0 respectively. The friction 
angle of joint element is fixed with 0=10° . The 
tensile stiffness of sheI! element is changed as EA= 
0.0, 1.0, 10.0 and 00 (kgf) to discuss the effect of 
stiffness of reinforcement. Here, results of EA=O kgf 
correspond to those without reinforcement. Other 
conditions for computation are the same as those in 
previous section except for the difference between 
axisymmetric and plane strain states. 

3.2 Analytical results and discussion 

Figure 8 shows computed stress-strain relations of 
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reinforced sand. In these figures, open arrows (�) 
denote the state at which slip occurs between 
reinforcements and sand, and solid arrows (.) the 
state at which aI! of the soil elements fail. Effect of 
reinforcements increases with the increase of tensile 
stiffness, surface roughness and ratio D/H. Observing 
more strictly the results, we can notice the flowing 
features: 

(1) 

(2) 

In the case that tensile stiffness of 
reinforcements is extremely large (e.g., 
EA=ookgf), aI! of the soil elements fail 
after slip occurs between reinforcements and 
sand. After then, stress ratio (a/a,) never 
increases. 
In the case that reinforcement has a proper 
stiffness (e.g., EA=1O.0kgf), aI! of the soil 
elements fail without slippage between 
reinforcements and sand. Furthermore, the 
strength as a whole (a/a,) continues to 
increase with the increase. of axial strain after 
then. 

For investigating the mechanism of these effects of 
reinforcement, compuled distributions of local factors 
of safety(F.S.), normal stresses in horizontal direction 
(aJ and normal stresses in vertica� direc�ion (ay) �t 
the state of e,=4% are shown in FIg.9. FIgure (a) IS 
for the case of EA=ookgf, and figure (b) for the case 
of EA=10.0kgf. Factor of safety F.S. is defined as 
F.S.=X,IX, where X is the stress ratio based on SMP 
and X is the stress ratio at failure. In the figures of 
distrib�tions of F.S., the joint elements colored back 
denote that slip occurs there. We can notice from 

. Fig.9(a) that soil wedge is formed near the center by 
the friction between reinforcements and sand, 
because F.S., a, and ay of inner elements is larger 
than those of OllIeI' elements. On the other hand, the 
results in Fig.9(b) show that slip does not occur 
between reinforcement and sand, and the 
distributions of F.S., u, and uy are almost uniform. 
Therefore, we can estimate that the effect of 
reinforcement is demonstrated by the. mechanism 
similar to increasing the confining pressure in the 
case of EA=10.0kgf, since a, in each element 
increases. by the elastic stiffness of reinforcement 
regardless that constant minor principal stress 
(a,=O.5kgf) is applied from outside. 

Through above discussion, it seems to suggest that 
the mechanism of reinforced soil is different 
according to the stiffness of reinforcement. For 
example, the former with very large stiffness may 
correspond to the soil reinforced by steel strips, and 
the latter that by geotextile. 
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Fig.B. Computed results of plane strain tests on reinforced sand and unreinforced sand. 
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Fig.9. Distributions of local factors of safety (F.S.), horizontal stress(a,) and vertical stress(a,). 
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4 CONCLUSIONS 

The main results of the present experimental and 
analytical study may be summarized as follows: 

(1) The effect of reinforcements increases with 
increasing surface roughness of 
reinforcements, increasing tensile stiffness of 
reinforcements and decreasing distance 
between reinforcements. 

(2) Though strength and stress-strain relation of 
reinforced sand arc changed by the condition 
of reinforcements, the relation among strains 
is almost independent of whether reinforced 
or not. 

(3) Reinforcements are ineffective in triaxial 
extension test where reinforcements are 
placed horizontally, since horizontal direction 
coincides with direction of major principal 
strain (compressive strain) as has been 
reported. 

(4) The mechanism of reinforcing is different 
according to the stiffness of reinforcements. 
In very stiff reinforcements such as steel 
strips, soil hself is strengthen by frictional 
resistance between soil and reinforcements. 
On the other hand, in reinforcements with 
proper stiffness, soil becomes strong by 
increasing mean stress in soil. This increase 
of mean stress is due to the increasing tensile 
stress of reinforcements and no slippage 
between soil and reinforcements. 

ACKNOWLEDGMENTS 

The author wishes to thank Messrs. T. Kawamoto 
and M. Takayanagi, who were formerly students of 
Nagoya Institute of Technology, for their 
experimental and numerical assistance. 

REFERENCES 

McGown, A. et. al 1987. Effect of inclusion 
properties on the behavior of sand: Geotechnique 
28(3): 327-346. 

Nakai, T. 1985. Finite element computations for 
active and passive earth pressure problems of 
retaining wall: Soils and Found. 25(3): 98-112. 

Nakai, T. 1989. An isotropic hardening elastoplastic 
model for sand considering the stress path 
dependency in three-dimensional stresses: Soils 
and Found. 29(1): 1 19-137. 

140 

Nakai, T. 1991. Active and passive earth pressure of 
reinforced soil: Proc. 9th Asian Regional Conf. on 
SMFE: 515-518. Bangkok. 

Tatsuoka, F. et. a1. 1983. Fundamental study on 
tensile-reinforcing of sand: Tsuchi-to-kiso, 31(9): 
11-19 (in Japancse). 

--


