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Reinforcement of Fissured Clays by

Short Steel Fibers

Luis E. VALLEJO AND HANKYU YOO

The study involved a laboratory and a theoretical analysis designed to
understand whether the use of short fibers increases the shear strength
of fissured clays. The laboratory experiments involved the direct shear
testing of reinforced and unreinforced clay samples containing a preex-
isting crack. The theoretical analysis used the principles of linear elas-
tic fracture mechanics theory to determine the direction of crack prop-
agation in the fissured clays. The investigation revealed that, if short
steel fibers are added to the fissured clays, their shear strength increased.
For the case of a clay sample with a preexisting horizontal crack, the
addition of short fibers increased its shear strength by 9 percent. For the
case of a clay sample with a preexisting crack inclined at 30 degrees
with the horizontal, the shear strength increased by 25 percent with the
addition of the fibers. Thus, the use of short fibers appears to be a viable
technique for increasing the strength of fissured clays. However, many
questions remain about how to effectively reinforce fissured clays in the
field, the interaction mechanisms of the fibers with multiple cracks of
different lengths and orientations, and the durability of the steel fibers
in clay.

Reinforcement of intact clays with short fibers is a viable technique
for increasing their shear strength. Studies have demonstrated that
the inclusion of short fibers significantly improves the response of
intact clays under both static and dynamic loading conditions (/—4).
Many clays, however, are not intact but have fissures in their struc-
ture (5-9). These fissured clays often form part of earth dams and
natural slopes. If these fissured clays are subjected to static or
dynamic loads, the fissures propagate and interact in the clays, caus-
ing the failure of the slopes and the earth dams (10-12).

This study involved a theoretical and a laboratory investigation
designed to answer the question: Can the use of short fibers stop the
propagation of fissures in clays subjected to static loads? If the short
fibers stop the propagation of the fissures, the strength of the rein-
forced fissured clays should also increase.

PHASES AND GOAL OF THE STUDY

This study involved two phases. In Phase 1, prismatic samples with
induced cracks were tested in a direct shear apparatus to understand
the propagation mechanisms of the induced cracks. Linear elastic
fracture mechanics theory was used to interpret the types of stresses
and the direction of crack propagation in the fissured clay samples.
Phase 2 also involved the preparation of prismatic samples of clay
with induced cracks However, to this second set of clay samples,
short steel fibers were added. The short steel fibers were placed in
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~ the samples in a direction normal to the propagation direction of the

cracks. The direction of crack propagation was obtained in Phase 1
of the testing program.

The findings of this study represent the first step in understand-
ing whether fibers can reinforce fissured clays under controlled con-
ditions in the laboratory. The goal is to implement the laboratory
findings in actual field cases.

PHASE 1: FISSURED CLAYS SUBJECTED
TO DIRECT SHEAR

Preparation of the Fissured Clay Samples

For the experimental investigation on the effect of fissures in clays
with no reinforcement and subjected to direct shear conditions,
laboratory-prepared samples of brittle kaolinite with preexisting
cracks were used. The kaolinite clay used in the experiments had a
liquid limit equal to 58 percent and a plastic limit equal to 28 per-
cent. Dry kaolinite was mixed with distilled water to form a soft
soil mass with a water content of about 40 percent. After the
mixing, the clay-water mixture was placed in an oedometer 30 cm
in diameter and consolidated under a normal pressure of 25.7 kPa
for 5 days. After unloading the oedometer, prismatic specimens
measuring 7.62 cm long, 7.62 cm wide, and 2.54 cm thick were cut
from the clay block.

Immediately after the prismatic samples were cut, when the water
content was equal to 30 percent, cracks were artificially made in the
samples by inserting and removing thin glass sheets 1 mm thick and
2.5 cm wide in a direction normal to the samples’ free face. Two
sets of clay samples, each set having a total of three samples, were
prepared in the laboratory. One set of clay samples had the induced
crack made at 0 degrees with the horizontal (Figure 1a). The second
set of clay samples was prepared with the induced crack inclined at
30 degrees with the horizontal (Figure 1b). The samples were
allowed to air dry until their average water contents reached a value
of about 3 percent. After this was done, the samples were subjected
to direct shear loading in the plane stress direct shear apparatus
(Figure 2). This apparatus has been described in detail elsewhere
(9,13). Under direct shear stress conditions, the cracks in the sam-
ples propagated, forming secondary tensile cracks that extended
from the tip of the preexisting cracks.

The samples with the horizontal preexisting crack developed sec-
ondary cracks that extended in a direction that was inclined at 65
degrees with the plane of the preexisting crack (Figure 3a). The
samples with the preexisting crack inclined at 30 degrees with the
horizontal developed secondary cracks that followed the direction
of the plane of the preexisting crack (Figure 4a). In other words, it
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FIGURE 1 (a) Clay sample with
horizontal crack; (b) clay sample with a
crack inclined at 30 degrees with
horizontal.

extended in a self-similar manner. For the case of the samples
with a horizontal crack, crack propagation took place when the nor-
mal stress, g, in the direct shear apparatus was equal to 69 kPa, and
the shear stress, 7,, was equal to 380 kPa. For the case of the
samples with a crack inclined at 30 degrees with the horizontal,
the normal stress, o, in the direct shear apparatus at which the crack
propagated was equal to 69 kPa, and the shear stress, T,, was equal
to 276 kPa.

Theoretical Analysis

To interpret the results obtained from the direct shear results (Fig-
ure 3a and 4a), linear elastic fracture mechanics theory was used
(14). By using this theory, the type of stresses causing the crack
propagation in the clay samples as well as the direction of crack
propagation can be obtained.

The system of stresses acting on a soil element located on the pre-
determined location of the failure surface are (/5-17) those shown
in Figure 5, where o, and 1, are the normal and shear stresses
exerted on the soil element by the direct shear apparatus, and g, is
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the lateral normal stress to the soil element. Note that in the direct
shear apparatus the vertical stress o, is equal to the lateral normal
stress o, (Figure 5).

For the theoretical analysis presented in this study, the soil ele-
ment in the shear zone as shown in Figure 5 will include an open
inclined crack. The soil element will be subjected to the same type
of stresses as shown in Figure 5. This system of stresses acts on soil
elements located in the shear zone of soil samples subjected to
direct shear (15-17). The soil element with the crack and the sys-
tem of stresses acting on it are shown in Figure 6.

In the vicinity of the tip of the preexisting crack (Figure 6), an
element in the intact clay that surrounds the crack is subjected to the
stresses g, Oy, and T,,. According to works by Gdoutos (/8) and
Vallejo (9), these stresses can be obtained from
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where r and 6 represent the polar coordinates of the point consid-
ered (Figure 6), and k, and k, represent the stress intensity factors
(/8) that can be obtained from

kl = O'ncllz (4)
and
ky = T,c'? &)

In Equations 4 and 5, o, is the stress acting normal to the plane
of the crack (Figure 6), T, is the shear stress acting parallel to the
plane of the crack in Figure 6, and c is half the length of the crack.
Both of these stresses can be obtained from the following equations.

o, + o, g, — O,
2 2

g, = cos (2a) — 1, sin (2a) 6)

Since in the direct shear apparatus, o, = 0, (15-17), Equation 6
simplifies to the following relationship:

G, = G, — T, sin (2a) %))

The shear stress 7, can be obtained from
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FIGURE 2 Description of the plane stress direct shear apparatus.
G, — Oy where Vs is the angle of inclination with respect to the X axis (Fig-
=T, s (2a) + 7, cos 2a) ® ure 6) of the principal plane where o, acts; A represents the inclina-

Since o, = o, (Figure 5), Equation 8 becomes
T, = T,c08 (2a) 9

The principal stress o, and g3 at points surrounding the crack in
Figure 5 can be obtained using Equations 1 through 9 and the fol-
lowing relationship:

o, + o, o, — 0, \2 ik '
] e R (10)

The direction of the principal stresses can be obtained from the
following equations:

= —1-tan"( 279 . ) any

2 o, — O,

and

A=y + 72 (12)

tion with the X axis of the principal plane on which o7 acts.

A computer program that uses Equations 9 through 12 was
written to calculate and plot the magnitude and direction of the
principal stresses around the fissured clay samples shown in Figures
la, 1b, 3a, and 4a. The principal stresses were calculated using the
values of the normal and shear stresses at which the preexisting
cracks propagated in the samples.

Analysis of Theoretical Results

Results from the analysis using the computer program are shown in
Figures 7 and 8. These figures show the plots of the principal
stresses around the horizontal crack and the crack inclined at 30
degrees with the horizontal. The values of o, and T, that were used
to plot Figures 7 and 8 were those at which crack propagation took
place when tested in the plane stress direct shear apparatus. For the
case of the test that included a sample with a horizontal crack,
the values of o, and T, used were equal to 69 kPa and 380 kPa,
respectively. The values of o, and 7, used to plot Figure 8 (the case




Vallejo and Yoo

(b)

FIGURE 3 (a) Crack propagation in unreinforced clay sample
with horizontal crack; (b) crack propagation in reinforced clay
with horizontal crack.

with the 30-degree crack) were equal to 69 kPa and 276 kPa, respec-
tively. These are the values for the case of clay samples with one
crack and no reinforcement.

An analysis of Figures 7 and 8 indicates that zones of tensile
stresses formed around the cracks. For the case of the horizontal
crack (Figure 7), the zones of tensile stresses formed in the upper-
right and lower-left corners of the preexisting crack. These will be
the zones in which the soil fails because clays are weak in tension.
The laboratory result (Figure 3a) in fact shows that the zones where
the tensile stresses developed experienced cracking. The extended
cracks will follow a direction that is normal for the major principal
tensile stress (Figure 7). This normal direction is equal to 70 degrees
(Figure 7) and is very close to the 65 degrees measured in the labo-
ratory experiment (Figure 3a).

For the case of the sample with the preexisting crack inclined at
30 degrees with the horizontal, the computer results are shown in
Figure 8. Zones of tensile stresses developed at the two tips of the
preexisting crack. The direction of the major principal tensile stress
is normal to the plane of the preexisting crack (Figure 8). Therefore,
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FIGURE 4 (a) Crack propagation in unreinforced clay with
preexisting crack inclined at 30 degrees with horizontal; (b) crack
propagation in reinforced clay sample with preexisting crack
inclined at 30 degrees with horizontal.

secondary cracks will extend from the tips of the preexisting crack
and will follow a direction parallel to the plane of the preexisting
crack. Laboratory results, shown in Figure 4a, confirm the findings
of the computer analysis.

PHASE 2: REINFORCED FISSURED CLAYS
SUBJECTED TO DIRECT SHEAR

To investigate whether the addition of short fibers is a viable tech-
nique to prevent the propagation of cracks in fissured clays, fissured
samples similar to the ones shown in Figure 1 (no reinforcement)
were prepared in the laboratory. The only difference was that short
crimped steel fibers, 2.54 cm long and 0.12 cm wide, were added to
the clay (see Figure 9). The short fibers were placed in a direction
normal to the expected crack propagation direction (Figures 3a and
4a). The clay samples with no cracks but with steel fibers were sub-
jected in the oedometer to the same level of consolidated pressure
(25.7 kPa) for the same duration (5 days) as the samples prepared
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FIGURE 5 Stresses acting on soil element located in shear zone of direct shear

apparatus (15-17).

for Phase 1 of the testing program. After unloading the oedometer,
the cracks were induced in the samples. The steel fibers were not
disturbed because their locations were known before the cracks
were made in the samples. The samples had a total of eight short
steel fibers. The steel fibers were located in two zones, near the tips
of the induced cracks, where the secondary cracks developed in the
unreinforced fissured clay samples. Each of the two zones had four
steel fibers.

The samples with the preexisting fissures were placed in the
plane stress direct shear apparatus and were subjected to direct
shear. The normal stress, o, in the direct shear apparatus was kept
constant and equal to 69 kPa for both samples (one with the hori-
zontal crack, the other with the 30 degree crack). After shearing,
secondary cracks developed in both samples. For the case of the
sample with the horizontal crack, secondary cracks developed when
the shear stress was equal to 414 kPa (Figure 3b). For the case of
the reinforced sample with the preexisting crack inclined at 30
degrees with the horizontal, secondary cracks developed when the

shear stress in the direct shear apparatus reached a value equal to
345 kPa.

A summary of the laboratory results on the unreinforced and rein-
forced samples is shown in Table 1. An analysis of the data indi-
cates that the crimped short steel fibers helped increase the shear
resistance of the fissured samples. The addition of the short steel
fibers to the sample with a horizontal crack increased its strength by
9 percent. When the fibers are added to the sample with a 30-degree
crack, its shear strength increased by 25 percent. Thus, the use of
short fibers appears to represent a viable technique for increasing
the shear strength of fissured clays.

CONCLUSIONS

The use of fibers to increase the shear strength of intact clays has
been proved by previous research to be a viable technique. The pres-
ent study extends the research on reinforced intact clays to include
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FIGURE 6 System of stresses acting on soil element containing crack and located
in shear zone of direct shear apparatus.
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FIGURE 7 Principal stresses around horizontal crack subjected to direct shear
stress conditions (o, = 0, = 69 kPa, 7, = 380 kPa).
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FIGURE 8 Principal stresses around crack inclined at 30 degrees with horizontal and

subjected to direct shear stress conditions (o, = 0;, =

fissured clays. By using a laboratory testing program in unrein-
forced and fissured clay samples, as well as a theoretical analysis
that makes use of linear elastic fracture mechanics theory, the
following conclusions can be reached.

e The theoretical analysis predicted the type of stresses causing
crack propagation and the direction of crack propagation in the clay
samples with no reinforcement. The type of stresses that caused the
cracks to propagate were tensile in nature, and the direction varied
according to the inclination of the cracks in the sample.

¢ Fibers were added to the samples and were installed in a direc-
tion perpendicular to that in which the crack propagated, as deter-
mined in the unreinforced fissured clay samples. The addition of
short steel fibers to fissured stiff clays increases their resistance to
shear stresses. For a sample with a horizontal crack, the addition of
the fibers increased its shear strength by about 9 percent. For the
sample with a preexisting crack inclined at 30 degrees with the
horizontal, the shear strength was increased by 25 percent.

¢ The short steel fibers appear to be effective in increasing the
shear strength of fissured clays if the fibers are placed in the direc-
tion normal to the direction of propagation of the preexisting
fissures in the clay samples.

e Because the testing program was limited in scope, further
research is needed to answer the many important questions that still
exist. These questions relate to (a) the repeatability of test results if

69 kPa, 7, = 276 kPa).

different types of clay are used; (b) the effect crack structure, such as
crack shape, has on the way cracks propagate in the samples; (c) the
influence of the orientation and number of the preexisting cracks on
the mechanics of crack propagation and interaction in clay samples;
(d) the interaction of fibers and multiple cracks in clay samples; (e)

FIGURE 9 Short steel fibers used as reinforcement in fissured
clay samples.
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TABLE 1 Effect of Reinforcement in Fissured Clays
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Sample Water Content  Normal Stress, o, * Shear Stress, Ta* (kPa)

% (kPa) Without Fibers With Fibers
With
Horizontal 3.0 69 380 414
Crack
With Crack
at 30 degrees 3.0 69 276 345
with
Horizontal

* 0, and 1, are measured by the direct shear apparatus

the methods to introduce the fibers into the clay under field conditions
so the fibers are aligned perpendicular to the direction of crack prop-
agation; and (f) the durability of steel fibers in the clay soil.

REFERENCES

1. Andersland, O. B., and A. S. Khattak. Shear Strength of Kaolinite/Fiber
Soil Mixture. Proc., Ist International Conference on Soil Reinforce-
ment, Paris, France, Vol. 1, 1979, pp. 11-16.

2. Jewell, R. A, and C. J. F. P. Jones. Reinforcement of Clay Soils and
Waste Materials. Proc., 10th International Conference on Soil Mechan-
ics and Foundation Engineering, Stockholm, Sweden, Vol. 3, 1980,
pp. 701-706.

3. Ingold, T. S., and K. S. Miller. Drained Axisymmetric Loading of Rein-
forced Clay. Journal of Geotechnical Engineering, Vol. 109, No. 7,
1983, pp. 883-898.

4. Mabher, M. H,, and Y. C. Ho. Mechanical Properties of Kaolinite/Fiber
Soil Composite. Journal of Geotechnical Engineering, Vol. 120, No. 8,
1994, pp. 1381-1393.

5. Terzaghi, K. Stability of Slopes in Natural Clays. Proc., Ist Interna-
tional Conference on Soil Mechanics and Foundation Engineering,
Cambridge, England, Vol. 1, 1936, pp. 161-~165.

6. Duncan, J. M., and P. Dunlop. Slopes in Stiff Fissured Clays and Shales.
Journal of the Soil Mechanics and Foundation Division, Vol. 95, No.
SM2, 1969, pp. 467491.

7. Lo, K. Y. The Operational Strength of Fissured Clays. Geotechnique,
Vol. 20, No. 1, 1970, pp. 57-74.

8. Williams, A. A. B, and J. E. Jennings. The In Situ Shear Behavior of
Fissured Soils. Proc., 9th International Conference on Soil Mechanics
and Foundation Engineering, Tokyo, Japan, Vol. 2, 1977, pp. 169-176.

12.

13.

15.

16.

17.

18.

. Vallejo, L. E. The Influence of Fissures in a Stiff Clay Subjected to

Direct Shear. Geotechnique, Vol. 37, No. 1, 1987, pp. 69-82.

. Covarrubias, S. W. Cracking of Earth and Rockfill Dams. Harvard Soil

Mechanics Series, No. 82. Cambridge, Mass., 1969.

. Sherard, J. L. Embankment Dam Cracking. In Embankment Dam Engi-

neering (R. C. Hirchfeld and S. J. Poulos, eds.), John Wiley and Sons,
New York, 1973, pp. 271-353.

Vallejo, L. E. Fissure Parameters in Stiff Clays Under Compression.
Journal of Geotechnical Engineering, Vol. 115, No. 9, 1989, pp.
1303-1317.

Vallejo, L. E. A Plane Stress Direct Shear Apparatus for Testing Clays.
In Geotechnical Engineering Congress 1991 (F. G. McLean, D. A.
Campbell, and D. W. Harris, eds.), ASCE’s Geotechnical Special Pub-
lication No. 27, 1991. pp. 851-862.

. Sih G. C., and H. Liebowitz. Mathematical Theories of Brittle Fracture.

In Fracture (H. Liebowitz, ed.), Vol. 2, Academic Press, New York,
1968, pp. 67-190.

Hill, R. The Mathematical Theory of Plasticity. Clarendon Press,
Oxford, England, 1950.

Hansen, B. Shear Box Tests on Sand. Proc., Sth International Confer-
ence on Soil Mechanics and Foundation Engineering, Zurich, Switzer-
land, Vol. 1, 1950, pp. 127-131.

Morgenstern, N. R., and J. S. Tchalenko. Microscopic Structures in
Kaolin Subjected to Direct Shear. Geotechnique, Vol. 17, No. 2, 1967,
pp- 309-328.

Gdoutos, E. E. Problems of Mixed Mode Crack Propagation. Nijhoff
Publishers, The Hague, The Netherlands, 1984.

Publication of this paper sponsored by Committee on Soil and Rock
Properties. ’




	00001019
	00001020
	00001021
	00001022
	00001023
	00001024
	00001025
	00001026
	00001027
	00001028
	00001029
	00001030
	00001031
	00001032
	00001033
	00001034
	00001035
	00001036
	00001037
	00001038
	00001039
	00001040
	00001041
	00001042
	00001043
	00001044
	00001045
	00001046
	00001047
	00001048
	00001049
	00001050
	00001051
	00001052
	00001053
	00001054
	00001055
	00001056
	00001057
	00001058
	00001059
	00001060
	00001061
	00001062
	00001063
	00001064
	00001065
	00001066
	00001067
	00001068
	00001069
	00001070
	00001071
	00001072
	00001073
	00001074
	00001075
	00001076
	00001077
	00001078
	00001079
	00001080
	00001081
	00001082
	00001083
	00001084
	00001085
	00001086
	00001087
	00001088
	00001089
	00001090
	00001091
	00001092
	00001093
	00001094
	00001095
	00001096
	00001097
	00001098
	00001099
	00001100
	00001101
	00001102
	00001103
	00001104
	00001105
	00001106
	00001107
	00001108
	00001109
	00001110
	00001111
	00001112
	00001113
	00001114
	00001115
	00001116
	00001117
	00001118
	00001119
	00001120
	00001121
	00001122
	00001123
	00001124
	00001125
	00001126
	00001127
	00001128
	00001129
	00001130
	00001131
	00001132
	00001133
	00001134
	00001135
	00001136
	00001137
	00001138
	00001139

