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ABSTRACT

Failure mechanisms of shallow foundations resting on rock with isolated multiple cavities
was studied under uniaxial compressive conditions. Various variables were investigated
and those were: rock properties, cavity size, cavity depth, and cavity location. Upper bound
mechanism had been derived depending on failure mechanisms obtained from experimental
results in this study. One upper bound mechanism was made for circular shallow
foundation resting on rock with spherical isolated multiple cavities and this was sidewall
failure mechanism. The ultimate collapse pressure estimation equation for shallow
foundation resting on rock containing multiple cavities was developed as a function of rock
properties, and the geometry of the mechanism. This equation can be used to determine the
ultimate bearing capacity of shallow foundation resting on rock with multiple cavities. The
results were compared with previous works results. There was a good agreement between
results.

Keywords: Bearing Capacity, Rock, Cavity, Shallow Foundations.
1. Introduction

Presence of cavities in a rock mass may affect on its mechanical behaviour, and
failure mechanism. The correct estimation of the failure mechanisms of rock plays
an important role in the design of foundations in it. The design of rock foundations
includes, bearing capacity and settlement analyses. The bearing capacity
equations represent either empirical or semi-empirical approximations of the
ultimate bearing capacity and are dependent on the mode of potential failure. So
that selection of an appropriate equation must anticipate likely modes of potential
failure. (Egyptian Code for Foundation on Rock, 2008).
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Sowers (1979), Kulhawy and Goodman (1980), suggested typical failure modes
according to rock mass conditions. Failure modes were described according to four
general rock mass conditions: intact, jointed, layered, and fractured.

Wang and Hsieh (1987) developed three failure mechanisms that are considered
to model the collapse of strip footing centered above a single circular void by using
upper bound theorem of limit analysis, as shown in figure (1).
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Fig. 1: Failure mechanisms (after Wang and Hsieh 1987)

Kiyosumi et al. (2011) reported the results of laboratory scale model tests of strip
footing on stiff ground with continuous square voids and stated three upper-bound
mechanisms for a single void from the experiments those were : roof failure,
sidewall failure, and combined failure, as shown in figure (2). The upper-bound
solutions of bearing capacity for strip footing were respectively derived.

Gt
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(a) Roof failure (b) Side wall failure (c) Combined failure

Fig. 2: Upper-bound mechanisms (after Kiyosumi et al. 2011)

The ultimate bearing capacity (qu,) for the upper-bound solution is defined by the
total rate of energy dissipation (D) and the total rate of work done (W ) as
0w =(D—W)/V,B
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The total rate of energy dissipation (D) and the total rate of work done (W) for the
sidewall failure mode are written by

D = cVy(cos ¢{2L,, + [l / sin(0) — ¢)] + [L,/ sin(fy — ¢)]
+ Iy sin(f) + 6y — @) cos(b — 05 — 03)/ sin(6) — @) sin(0; — @) cos(Os — 65) } + Lyy|1/ tan(0) — ¢)| + Ig.| 1/ tan(By — @)
+ L/ sin(0) — ¢)|sin(8) + 0y — ¢)tan(fs — 0y) — cos(0) + 0y — ¢)| + I/ sin(0y — )| sin(6; + 04 — ¢) tan(—05 — 65)
—cos(03 + 04 — &)| + kp sin(0) + 0 — @)/ sin(0) — ¢) cos(0s — (h)| —sin(0g — 05 — 3) — cos(Os — 05 — 03)/ tan (07 — ¢)|)

W= YV'O{AI -+ AII +A]II -+ Sin(z‘}l + 6‘3 — (,-!'b)/Sin(z‘)L - (I.fl)] CUS(Hﬁ — 62)
% [Apy cos b5 + Ay cos(By — 05 — 05) cos(€ + @)/ sin(é; — )]}

Where ¢ and ¢ are strength parameters; y is unit weight of the soil; B is footing

width; I ~ li; are side lengths of the various zones; 84~7 are angles of zones; 65 is

inclination of V,y; and A, ~ y are areas of zones.

The expressions for the side lengths of the various zones are obtained from
L. = sB/cos ¢, Lg=mnB(2ctang + 1) le = B(1 —n)(2¢tan¢ + 1)

Iy = B\/{ﬁf n[(1/2) + tan £ tan p/ tan€ + tan p) +ctan ¢ + (1/2)]> + {o + n[(1/2) —tan p/ (tan £ + tan p)] — ¢}>

ly = B\/{;i —n[(1/2) + [tan £ tan p/(tan £ + tan p)] + stan ¢(1 — 2n) — [+ (1/2)]}* + {@ + n[(1/2) — tan p/(tan € + tan p)] — ¢ }*

i = By [+ ctang(1 —2n) —n— (1/2)(n— DP + (a+1/2 -2 Iy =By/[3—ctand — (1/2)(n+ 1) + (a+n/2 — o)?

Iy = HB\/il‘dn.ftﬂn p/(tan€ + tan p)|? + [tan p/(tan £ + tan p) — 1]2 Iy = nBtan p/(nBtanp/(tan € + tan ;))\/m
The expressions for angles of zones

6y = cos™ ' [B({F — n[(1/2) + @an& tan p/(tan £ + tan p)| + [ctan ¢ + (1/2)] /Ly })] > @

0> = cos™ (B{—+n|(1/2) + tan L tan p/ (tan & + tan p)] + ¢ tan (25 — 1) + [ — (1/2)] /14 })

03 = cos '{B[F +ctan (1 — 2n7) — n+ (1/2)(1 —n)]/lz,}

0y = cos  {B[-G+ctan¢ + (1/2)(1 + n)|/Le} > o By =90+ 065 —p ;= (180 —p—£) > ¢
The expression for the areas of zones are calculated by

Ag = \/511 (st = La)(sm = Ly ) (sm = Lyy). su = (lea + Ly + Lyp) /2

Am = \/3'111(3'11:[ — ) (s — L) (st — Lag ), sm = (lge + Lg +1ag)/2

Ay = \/ﬂ'w(-"w — Lye) (stv — Ly ) (stv — Irg), sv = (L + lig + 1) /2

Ay = Jsv(sv = )(sv =)oy —n-B), sy = (I + 1 +n-B)/2)

Most of previous studies of the bearing capacity of foundations above cavities have
been investigated the behavior of cavities considering continuous shapes.
Although it is recognized that the cavities exist in nature in continuous and isolated
shape. Previous studies only considered the behaviour of single and double
cavities of various shapes. Although it is recognized that the cavities exist in nature
as single, double, and multiple cavities. The bearing capacity equation presented
by previous studies were complex, very long and very difficult for application. This
paper presents results of a series of laboratory model tests carried out on a circular
shallow foundation resting on rock with isolated spherical multiple cavities, the
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uniaxial compressive strengths of the tested rock were 6.7 Mpa and 20.12 Mpa.
Simple upper-bound calculations were also presented to interpret the changes of
bearing capacity observed because of the presence of the multiple cavities.

2. Laboratory model tests

2.1 Rock Like Materials

Natural materials such as, gypsum, and limestone powder were used to make
Rock Like Materials containing cavities. In order to vary the compressive strength
and density of rock, two mixtures were selected. The first selected mixtures named
as group C, and the second mixture named as group L. The properties and
classification of the two selected materials (group C and group L) are summarized
in Table (1).

Table 1: Properties and classification of selected Rock Like Materials

Group (Ksza) (Muna) (MTDta) (GIIE)a) v Classification
Very Low Density,
C 16 6.7 1.27 | 0.51 | 0.19 | Low Strength
Like to Sedimentary Rocks
Low Density,
L 19.8 2012 | 2.16 0.99 | 0.25 | Moderate Strength
Like to Sedimentary Rocks

Model tests of cubic blocks are prepared in laboratory from rock like materials to
simulate rock mass containing isolated, empty, spherical cavities. The dimensions
of each block are 150 x 150 x 150 mm. The isolated empty spherical cavities is
made from plastic. The model of shallow foundation resting on the block is a
circular footing with 20 mm diameter and 10 mm thickness.

2.2 Testing Program

Testing program include two main groups C and L, which simulate two type of rock.
Each group consists of two main test conditions as shown in figure (3) and tables
(2) and (3) . The main test conditions are as follow :-

(1) Circular shallow foundation resting on rock without cavities.

(2) Circular shallow foundation resting on rock with multiple isolated cavities at
distance with and offset from the axis of foundation.
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2.3 Preparation of the model test

Fig. 3: Main test conditions
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222 cubic blocks are prepared in laboratory for 74 model tests of the two groups C
and L. Model tests were characterized as homogenous and isotropic, also
arrangement of cavities inside the blocks are symmetric. Model test preparation

procedure are as follow :-

(1) Tow selected mixed materials were mixed and cast manually in steel mould
with dimensions of 150 x 150 x 150 mm.
(2) Empty cavities with different sizes and depths were placed inside mixed
materials in the mould by using steel stamps for detecting location and depth of
cavities accurately.
(3) All blocks were stored at laboratory chamber for 28 days after casting.

Table 2: Testing Program for group C

Number of
cubic
blocks

Cavity
diameter
D/B

Multiple Cavities

Cavity
depth
H/B

With the axis of
foundation

Offset from the axis of
foundation

S=0B[S=02B

S=BB [S=2B2B
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4x3=12 1 C-1 C-2 C-3 C-4
4x3=12 0.5 2 C-5 C-6 C-7 C-8
4x3=12 4 C-9 C-10 C-1 C-12
4x3=12 1 C-13 C-14 C-15 C-16
4x3=12 0.75 2 C-17 C-18 C-19 C-20
4x3=12 4 C-21 C-22 C-23 C-24
4x3=12 1 C-25 C-26 C-27 C-28
4x3=12 1 2 C-29 C-30 C-31 C-32
4x3=12 4 C-33 C-34 C-35 C-36
3 C-W Without Cavities
111 Total number of blocks in 37 model test
Table 3: Testing Program for group L
. . Multiple Cavities
Numb&_ar Cawty Cavity With the axis of Offset from the axis of
of cubic diameter | depth f ; .
blocks D/B H/B oundation foundation
S=0B| S=0,2B S=BB | S=2B,2B
4x3=12 1 L-1 L-2 L-3 L-4
4x3=12 0.5 2 L-5 L-6 L-7 L-8
4x3=12 4 L-9 L-10 L-11 L-12
4x3=12 1 L-13 L-14 L-15 L-16
4x3=12 0.75 2 L-17 L-18 L-19 L-20
4x3=12 4 L-21 L-22 L-23 L-24
4x3=12 1 L-25 L-26 L-27 L-28
4x3=12 1 2 L-29 L-30 L-31 L-32
4x3=12 4 L-33 L-34 L-35 L-36
3 L-W Without Cavities
111 Total number of blocks in 37 model test

2.4 Test procedure

Test procedure were as follow :-
(1) All blocks were weighted before testing.
(2) Position of the foundation was detected at the block centerline before testing

the models.

(3) All models were tested in uniaxial compression, by using manual hydraulic jack.
The blocks are loaded using a fixed lower platen and model of circular shallow
foundation fixed with upper platen. Circular shallow foundation was situated at the
center of block, the applied load was increased such that failure occurs; the load
was recorded for each 0.25 mm settlement and the failure load “P” is recorded.

3. Results and Discussion
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3.1 Shallow foundation resting on rock without cavities

The bearing pressure q, for group C-w is 117.05 Mpa. Also the bearing pressure
qgp for group L-w is 195.72 Mpa. Failure mechanism was shown in figures (4). It can
be clearly seen that an irregular longitudinal splitting fracture for the tested blocks,
this was due to unconfined compression for brittle rock . This is confirm with Jaeger
and Cook ,1979. From figures (4-a), and (4-c), it was noticed that the bearing
capacity failure mechanism was a local shear failure initiated at the edge of the
foundation as localized crushing and develops into active wedge below the
foundation as a conical rigid block and slip surfaces. The slip surfaces do not reach
the block surface. Localized shear failures were generally associated with brittle
rock. This is a good agreement with results that obtained by Sowers (1979),
Kulhawy and Goodman (1980).

(a) (b) (c)
Fig. 4: Failure mechanism for rock without cavities of group C-w,
(a) conical active wedge (b) splitting fracture, (c) local shear failure

3.2 Shallow foundation resting on rock with multiple cavities

Four spherical cavities are positioned symmetrically in different locations from
foundation center, as shown formally in figure (3). Size of cavities is considering by
D/B = 0.5, 0.75, 1 and cavities depths are considering by H/B = 1, 2, 4. Radial
distance from foundation center to cavity center is L. Where (L/B = 1, 1.41, 2, and
2.82) for distances S equal to (0, B), (B, B), (0, 2B), and (2B, 2B) respectively.
To clarify effect of multiple cavities location on foundation stability, it is presented
as a relations between the ratio of (q,/quw) and L/B for model tests of groups C and
L, as shown in figures from (5) to (10). It could be noticed that the effect of multiple
cavities location on bearing pressure is high in the large shallow cavities near the
foundation center, (at L/B = 1, 1.41) and low in the cavities far from foundation
center (at L/B = 2, 2.82). According to results, failure mechanisms for shallow
foundation resting on rock containing a multiple cavities may be classified into four
categories as follow :

3.2.1 Small shallow multiple cavities near the foundation center :

This category include multiple cavities with size of (D/B = 0.5), at depths of (H/B =
1,2), in locations of [S = (0, B), (B, B)], and at radial distances from foundation
center of (L/B =1, 1.41), for groups of (C-1, C-3, C-5, C-7, L-1, L-3, L-5, and L-7).

ICASGE’'19 25-28 March 2019, Hurghada, Egypt
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It is noticed that the reduction in bearing pressure is low which range between
17.05 %, and 11.48 % for model tests of group C. While the reduction in bearing
pressure range between 7.84 %, and 5.88 % for model tests of group L. The
reason of low reduction in bearing pressure is arching effect of small size cavities.
Small cavities may be bridge the lateral pressure from foundation on cavity
sidewall to the surround rock mass. Also, because of the cavities are located near
the foundation center, and the thickness of rock mass cover below foundation is
thin, this lead to the rock mass in critical region is small, which can hold low
resistance. So with continue pressure, gradually sidewall collapse is happened.
Failure mechanism for this group is a splitting failure, with sidewall failure of
cavities, as shown in figure (11). Local shear failure initiated at the edge of the
foundation as localized crushing and develops into rigid block as a conical wedge
below the foundation. Conical wedge is moving vertically downward and dissipating
the bonds between vertical faces of the conical block and the surrounding rock
mass, which compress on the cavities walls then break it causing sidewall failure of
cavities, after that the block is fail.

3.2.2 Large shallow multiple cavities near the foundation center :

This category contain multiple cavities with sizes of (D/B = 0.75, 1), at depths of
(H/B = 1, 2), in locations of [(S = (0, B), (B, B)], and at radial distances from
foundation center of (L/B = 1, 1.41), for groups of (C-13, C-15, C-17, C-19, C-25,
C-27, C-29, C-31, L-13, L-15, L-17, L-19, L-25, L-27, L-29, and L-31). It is
observed that the reduction in bearing pressure is high which range between
70.49 %, and 19.67 % for model tests of group C. While the reduction in bearing
pressure for model tests of group L range between 34 %, and 3.23 %. The high
reduction in bearing pressure is due to presence of Large cavities in critical region
below foundation. Large cavity couldn't bridge the lateral pressure to surround rock
mass, so the sidewall collapse is happened, especially when the cavities are
situated near the foundation center, and at thin rock mass cover.
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Relation Between Bearing Pressure at Cavity Failure and L/ B
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Fig. 5: Relation between bearing pressure at cavity failure and L/B for
multiple cavities, at H/ B =1 for group C
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Fig. 6: Relation between bearing pressure at cavity failure and L/B for
multiple cavities, at H/ B =2 for group C
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Fig. 7: Relation between bearing pressure at cavity failure and L/B for
multiple cavities, at H/ B =4 for group C
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Fig. 8: Relation between bearing pressure at cavity failure and L/B for
multiple cavities, atH/B =1 for group L
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Fig. 9: Relation between bearing pressure at cavity failure and L/B for

multiple cavities, at H/ B =2 for group L
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Fig. 10: Relation between bearing pressure at cavity failure and L/B for

multiple cavities, at H/ B =4 for group L
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Fig. 11: Failure mechanism for multiple cavities of group L-1

Failure mechanism is a splitting failure, with sidewall failure of cavities, as
illustrated in figure (12). Local shear failure initiated at the edge of the foundation
as localized crushing and develops into a conical wedge below the foundation.
Conical wedge is moving vertically downward and dissipating the bonds between
vertical faces of the conical block and the surrounding rock mass. Another
cylindrical rigid block is formed between conical wedge and cavity wall as shown in
figure (12-b). Cylindrical rigid block compress on the cavity wall then break it
producing sidewall failure of cavities, after that the block is fail.

(a) C-13 (b) C-15
Fig. 12: Failure mechanism for multiple cavities (a) C-13, (b) C-15

3.2.3 Shallow multiple cavities far from foundation center :

This category consist of multiple cavities with sizes of (D/B = 0.5, 0.75, 1), at
depths of (H/B = 1, 2), in locations of [S = (0, 2B), (2B, 2B)], and at radial
distances from foundation center of (L/B = 2, 2.82), for groups of (C-2, C-4, C-6, C-
8, C-14, C-16, C-18, C-20, C-26, C-28, C-30, C-32, L-2, L-4, L-6, L-8, L-14, L-16,
L-18, L-20, L-26, L-28, L-30, and L-32). The reduction in bearing pressure is
starting to disappear gradually, which range between 24.59 %, and 9.84 % for
model tests of group C. While the reduction in bearing pressure for model tests of
group L range between 7.41 %, and 0 %. The gradually disappearing of reduction
in bearing pressure is due to the cavities are positioned away gradually from the
critical region, although the cavities are at thin rock mass cover. The radial
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distance between foundation center and cavities centers is wide, so that rock
mass can hold high resistance. Failure mechanism is a splitting failure, without
cavities failure, as illustrated in figure (13). Local shear failure initiated at the edge
of the foundation and develops into conical wedge, below the foundation, moving
vertically downward and dissipating the bonds between vertical faces of the conical
block and the surrounding rock mass without cavities failure.

(a) L-20 - (b) C-30
Fig. 13: Failure mechanism for multiple cavities (a) L-20, (b) C-30

3.2.4 Deep multiple cavities :

This category involve multiple cavities with sizes of (D/B = 0.5, 0.75, 1), at depths
of (H/B = 4), in locations of [S = (0, B), (0, 2B), (B, B), (2B, 2B)], and at radial
distances from foundation center of (L/B = 1, 1.41, 2, 2.82), for groups of (C-9, C-
10, C-11, C-12, C-21, C-22, C-23, C-24, C-33, C-34, C-35, C-36, L-9, L-10, L-11,
L-12, L-21, L-22, L-23, L-24, L-33, L-34, L-35, and L-36). The reduction in bearing
pressure is very low, which range between 17.82 %, and 6.88 % for model tests
of group C. While the reduction in bearing pressure for model tests of group L
range between 1.79 %, and 0 %. The cavities are outside the critical region. This is
because they are sited far away from the foundation bottom, the rock mass
thickness below the foundation can hold more shear strain before failure, beside
the arching marked shearing resistance of rock.

Failure mechanism is a splitting failure, without cavities failure, as illustrated in
figure (14). Local shear failure initiated at the edge of the foundation as localized
crushing and develops into conical wedge, below the foundation, moving vertically
downward and dissipating the bonds between vertical faces of the conical block
and the surrounding rock mass without cavities failure.

(a) C-23

(b) C-33
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Fig. 14: Failure mechanism for multiple cavities (a) C-23, (b) C-33, (c¢) C-34

4. Upper Bound Mechanism Analysis

Based on the failure mechanisms, that obtained from experimental results in this
study. one upper bound mechanism made for circular shallow foundation resting
on rock containing spherical isolated multiple cavities is cavity sidewall failure
mechanism.

For this failure mechanism, the rate of energy dissipation along active wedge
movement, the rate of work done by foundation pressure, and rock weight are
obtained. By equating the rate of energy dissipated and rate of work done, the
equation for foundation collapse pressure as a function of foundation width, cavity
size, cavity depth, cavity location, and rock properties is formulated. Each
equation contained one or more variables that define the geometry of failure
mechanism. Not that, in the equations, the pressure inside the cavity is assumed to
be zero. Also the external work done by the rock weight is expressed in terms of
volume of rock mass involved, since the three-dimensional analysis is made.
Simple mathematical models are used for study the global equilibrium for
summation of vertical forces (external and inner forces). The collapse load is equal
to the difference between plastic power and force power ( Di - De).

4.1 Cavity Sidewall Failure Mechanism

This mechanism include shallow multiple cavities near the foundation center with
sizes of (D/B = 0.5, 0.75, 1), at depths of (H/B =1, 2), in locations of [(S = (0, B),
(B, B)], and at radial distances from foundation center of (L/B = 1, 1.41), for groups
of (C-1, C-3, C-5, C-7, C-13, C-15, C-17, C-19, C-25, C-27, C-29, C-31, L1, L-3, L-
5, L-7, L-13, L-15, L-17, L-19, L-25, L-27, L-29, and L-31), as shown in figures
(11), and (12).
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Fig. 15: Upper-bound mechanism for cavity sidewall failure mechanism of
shallow multiple cavities near to foundation centre, at (D/B = 0.5, 0.75, 1, H/B
=1,2,L/IB=1,1.41)

Figure (15) show the upper-bound mechanism for cavity sidewall failure
mechanism of shallow multiple cavmes near the foundation centre.
quit= (1/A) { [qu {cos 61 [T (B/2) ((B/2) +H%)%°] + cos ©, [Ty (R+(B/2))]}]

—[y {(m3) (h) [R*+ (B/2)" + R (B/2)]}]}

Where :

qut = Ultimate bearing capacity.

A = Foundation area.

gu = Uniaxial compressive strength of intact rock core.

B = Foundation width.

H = Cavity depth below foundation.

v = Density of the rock material

D = Cavity diameter.

L = Radial distance from foundation center to cavities centers.

5. Verification of results

It is important to check the results against those from other previous works where
possible. Figure (16) present a comparison between present study results, and
results of Kiyosumie et al., 20011 for small shallow multiple cavities (D/B = 0.5,
H/B = 0.5). It is noticed that the curves are similar, and approach together. The
results of Kiyosumie et al., 2011 are verified the results of present study.
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Fig. 16: Comparison between present study results, and results of
Kiyosumie et al., 2011

6. Conclusions

1- Failure mechanism for rock without cavity was longitudinal splitting fracture, this
is due to uniaxial compression for brittle rock. This is confirm with Jaeger and Cook
,1979.

2- Bearing capacity failure mechanism for rock without cavity was a local shear
failure. Localized shear failures are generally associated with brittle rock. This is a
good agreement with results that obtained by Sowers (1979) and Kulhawy and
Goodman (1980).

3- Failure mechanisms for rock containing multiple cavities was a splitting Failure,
this was due to uniaxial compression for brittle rock.

4- The upper bound failure mechanism for shallow foundation resting on rock
containing multiple cavities is cavity sidewall failure for shallow multiple cavities
near the foundation center.

5- The ultimate collapse pressure estimation equation for shallow foundation
resting on rock containing multiple cavities was developed as a function of rock
properties, and the geometry of the mechanism. This equation can be used to
determine the ultimate bearing capacity of shallow foundation resting on rock with
cavities.
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