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SYNOPSIS: Interactions between strip footings and circular shallow soft ground tunnels were investigated. The analysis was
madc_a on an_lBM-PC_computer using a program named FLAC. The soil was characterized as a non-iinear elastic perlectly
plastic matesial. Within the elastic range, the hyperbolic stress-sirain law ‘was used, whereas the Drucker-Prager yield criterion

was adopted lo model the plastic behavior.

Variables analyzed included looting displacement, tunnel deformation, stress

distribution, displacement field, and ulbmale bearing capacity of the tooing. These variables were used to evaluate the

degree of footing/tunnel interaction.

| INTRODUCTION

Transportabon, water, and sewer tunnels as well as utlity conduits quite
often are constructed in solt ground. Soft ground lunnels may be
located near the ground surface. When shallow soft ground tunnels are
overlay by buildings, they interact with the building foundations.
Interaction between tunnels and foundalions affects he slability of both
the tunnels and foundations. Thus, to design a safe, economic, and
structurally sound soft ground tunnel beneath and the overlying loundation,
a proper consideration of the interaction between them is required.

Very few studies on foundationftunnel interaction are available. There
are some studies, however, on the eflect of underground cavity (or void)
on the performance of overlying foobings. Wang and his co-workers
(Badie & Wang, 1984; Baus & Wang, 19683; Wang & Baus, 19680; Wang
& Badie, 1985; and Wang et. al. 1989) reported, based on their linite
element analyses, various imponant lactors influencing looling stability.
The factors investigated were footing size and configuration: loading
condition: cavity condition including cavity size, location, and onentaton
with respecl to the footing: and soil conditions which involves soil
property and layer composition. They considered the conditions of a
single footing above a single cavity, a single footing above double cavities
and double foolings above a single cavily (Badie & Wang, 1990, a&b).
Other studies such as Wood and Lamach (1985) and Drumm, et. al
(1987) reported hndings similar to those of Wang and his coworkess.
Meanwhile, Abdellah, et al. (1987 aBb) utilized the theory of elasticity to
analyze cavity detormation as well as stress distnbution around the cavity.

This paper addresses the interaction between strip footings and circular
unlined soft ground tunnels for a single footing above a single tunnel, and
a single footing above two parallel tunnels. Particular emphases are
placed on the analysis of footing and lunnel collapse, displacement
velocity-vectors, stress distribution, and the extent of the influence zone.
2 INTERACTION ANALYSIS

The interaction between lootings and tunnels was analyzed using a two-
dumensional finite difference program named FLAC (ltasca, 1987). The
foundation soil was a compacted clay having a dry density ol 1378 kg/m?
with a water content of 23%. The soil properties included an intemal
friction angle of 8 degrees, a unit cohesion ot 158.7 KPa, an initial
modulus in compression of 19.87 KPa and a Poisson’'s ratio of 0.39.
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The footingtunnel conditions analyzed are a single footing above a single
tunnel for different looting and tunnel sizes with varying tunnel locations,
and a single footing above double tunnels with different tunnel spacings,
depths to tunnels, and tunnel sizes. The results of computer analysis
provide [ooling setiement, tunnel deformation, stress, strain, and soil
yielding. From these data, the footing/tunnel interacton behavior is
evalualed for the ullimate loading condition. The ultimate load is
determined from the footing pressure versus settiement relatonship at the
point beyond which the curve reaches a steady minimum slope. -

3 TUNNEL DEFORMATION/FOOTING SETTLEMENT

According to Badie and Wang (1990a), the vertical displacement of the
tunnel crown (B.) increases linearly with increasing footing displacement
(61)). These two displacement values are combined togelher as a ratio
(6«/61), and the entire set ol data analyzed are plotited against the ratio
of depth to wunnel (D) and looling width (B), in Figure 1. Note that the
data shown in Figure 1 are for a single tooting above a single tunnel
with the looting width and tunnel diameter each equal 1o 1 m. The
tunnel is either centered with the looung or ofi-centered having an
eccentricity denoted by E as shown in the inset. The figure illustrates,
as would be expecled, that the ratio BJ/61 is greatest when the tunnel
is centered with the fooung. For the E/B = 0 curve, the value ol 8.6
approaches a maximum of 1.0 at the ground surface i.e. at D/B 0,
and decreases gradually with increasing D/B. For a constanl D/B, the
raio 661 decreases with increasing E/B. The figure reveals thal the
maximum B./61 on each curve lakes place at a greater depth when E/B
is higher. In other words, for near surlace shallow tunnels, the farther
away from the ftooling the smaller the footing/tunnel interaction.

For the condition of a single looting above two parallel lunnels, with D/B
2 and S/B 4, where S cenler-locenter lunnel spacing, the
eflect of relative position between the looting and the tunnels on fooling
displacement and tunnel detormation is illustrated in Figure 2. Note that
the relatve position between footing and wunnel is indicated by o« which
is the honzontal distance between looting center and center ol double
tunnels as illustrated n the msel ol Figure 2. It 1s seen thal as the
foouing moves away lrom the lar tunnel, the tunnel crown displacement
decreases, and the crown displacement near the tunnel increases as the
fooung moves closer to the near tunnel. The looting displacement
appears lo decrease shghily with increasing o.

The crown displacement of the near lunnel to the looting displacement
ratio is plolled against D/B for different values of & in Figure 3. The
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Figure 2: Displacements vs. distance.

shape ot the curves resembles that ol Figure 1. The diflerence is
entrely caused by the presence ol the adjacent tunnel. As expecled the
presence of the adjacent lunnel resufts n a greater ratio ol 6/6: when
compared with the condison of a single looung over a single tunnel.

4 STRESS DISTRIBUTION

The vertical slress dislribution caused by soil weight and footing load lor
a single fooung centered above double lnnels is shown in Figure 4
along lour vertical planes. The lour planes are al looling cenler, at the
center ol a tunnel, and at each edge ol the wnnel. The inset ol the
hgure shows the locatons of the four vertical planes and the dimensions
and conhigurauons ot the looung and tunnels. The distribution curve lor
the looung center shows an abrupl increase in stress immedialely above
the crown level ol the tunnels, lollowed by a sharp decrease. Such a
vanation in siress disribubon can be atiribuled lo soil arching eflecls.
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Figure 4: Vertical stress distributions on vertical planes.

Without the lunnels, the shape of the curve is expected to follow thal of
Boussinesq distnbution.  Arnong the other three curves, all starting from
zero al the ground surlace, the verucal stress along lhe tunnel center
hoe increases with depth faster than the olher two lines, then drops
abruplly 1o zero at the tunnel crown. Below the tunnel bottom, the
verucal stress increases with depth at a decreasing rale. At both tunnel
edges, the vertical stress undergoes a sharp increase, followed by an
abrupt decrease across the height of the tunnel. The swess at the
lunnel edge near the lootung (near edge) is greater than that of the lar
edge prmanly because the near edge is under a greater influence of
the looung load.

The verical stress disinbutons along the horizontal planes, one each at
top, mud-height, and bottom of the lunnels are illustrated in Figure S.
Nole thal because of symmetry, only one-hall ol the distnbution curves
15 presented.  Between the righl edge ol the tunnel and the tooting
center, lhe verucal stress decreases wilh increasing horizonlal distance
from a maximum at fooung center, resembling the typical distnbuton
curve lor no-tunnel condiion. As expected, al the looung center, the
vertical stress is greatest at the lop and smallest al the bottom level of
the tunnel. Near the tunnel edge, however, the stress at the top
becomes much smaller than that at the bottom, and lhe siress al mid-
height is essenbally equal to that at the bottorn. Far away lrom the
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Figure 5: Vertical stress distribution on horizontal planes.

other edge of the lunnel, the verucal stress decreases with increasing
horizonlal distance, and the magnilude 18 grealesl at the bottom and
smallesl at the 1op. This is as would be expecled because lar Irom the
fooung load, the vertical stress is predominantly caused by the soil weight
which increases with increasing depth. Within the diameter of tunnel, the
vertical stress both al the lop and the bottom levels undergoes abrupt
changes. Al lop level, the vertical slress decr and incr
abrupily at the lunnel indicating a high degree of interacton between the
looting and the lunnel.

The major principal stress contours lor a single foong centered abave
double lunnel is presenled in Figure 6. I is seen that the greatesl
major principal siress develops at tooting edges, and that the stress
decreasos gradually with increasing depth. As would be expected, the
major pnncipal siress at the lunnel is much smaller than that at the
lvoting. The hgure also demonstrates stress concentrations at fooling
edges and also al the lop of the tunnel. [t is expected that soil yielding
will intiate trom the high skress concentration area then gradually
propagale downward toward the lunnel area.
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5 DISPLACEMENT FIELD

As the loaling load ncreases, soil yielding which inivales from the footing
edges will propagale downward and laterally. Depending on the swe and
locatun ol the wunnel, the soil ywlding may or may not reach the tunnel
belore the loaung collapses.  The displacement field al fooling collapse
dillers lor diterent fooung and tunnel conditons as illustrated in Figures
7 and 8. Figure 7 demonsirates the variauon ol displacement velocity
veclors with footing size for a constant lunnel size and depth to tunnel,
each equal 10 2 m. The lour louling sizes shown are 0.16, 0.54, 1.0
and 1.92 m. According 1o the hgure, when the looling size is very
small compared 10 the wnnel size, the velocily field is dominated by
Lateral and upward veclors signitying a general shear lailure in the
laundanan soil when the looung collapses.  As the toolng size increases,
the velocity veclor onents toward the tunnel suggesting a punching shear
fallure in which the soil underealh the looung is pushed by the lootng
nio the tunnel. When 1he looling size 1s larger than the lunnel size, the
yrelding soil mass is wider than the lunnel, thus involving some radual
shear lalure at the tunnel shoulder. For the condition of looting sice
equal lo the funnel size, such as thal shown in Figure 8, the mode of
lailure changes Irom punching shear al shallow depths to general shear
al greater depths. The tansiion ol soil falure mode with increasing
depth lo tunnel is cleady depicted in Figure 8.
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to tunnel.

6 BEARING CAPACITY

For a single fooung centered above a single lunnel ol a constant size
and a constam depth to tunnel, the ulimate beanng capacily of the
foolng varies with fooung width. Figure 9 presents such a varauon lor
two levels ol depth 10 lunnel. The condilons analysed involve a varying
looung width (B) with W=1 m and D=1 and 2 m. The ultiinale beanng
capacity lor each condiion analysed 1s expressed as a percentage ol the
ulumale bearing capacily far a no-lunnel condition. The ligure
demonsyrales thal as the B/D rano increases within the range of
conditons analyzed, the bearng capacity decreases from a maximum of
100% at a very small B/D 10 a nummum at B/D ol about 1.0, then
uwreases gradually.  The drop in ulinale bearnng capacity is much
greater for D=1 m than D=2 m; the nunimum value of bearing capacty
al B/D=1.0 equals 42% for D=1m and 62% lor D=2m.
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Figure 10: Critical zone for single footing above single
tunnel.

The high value of beanng capacity with smaller lootings can be atinbuted
to the result of general shear falure, while the lower bearing capacity
with larger lootings may be a resuli ol punching and/or local shear
talwre. The general shear lalure invulves displacement ol the yielded
soll mass o the ground surlace, whereas, in the punching shear lailure,
the soil mass underneath the fooling displaces vertically into the cavity.
At /D=2, because the looling size 1s much greater than the tunnel, a
punching shear lailure is unhkely to occur. Instead, a local shear lailure
nvolving a lunnel sice collapse may lake place. As a resull, the bearing
capacity becomes greater than thal ol B/D=1. When the two minimum
bearing capacity values at B/D=1 are compared, the greater value of
62% for D=2 m can be attributed lo the fact thal al B/D=1 the foong
sze, B=1 m, is twice the tunnel size, which reduces the ettect of
punching shear.
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For the same lunnel size and depth 1o wnnel, looungAunnel interaction
decreases as the eccentricity between looling and tunnel increases. The
degree ol interaction may be evalualed from lhe ulumate bearing capacily
value, since interaclion resulls in a decrease in the ulumale beanng
capacity of the looting. Thus, based on the analysed ulumale bearing
capacity dala, 11 is possible lo eslabish a zone beyond which the
presence ol the lunnel has neghygible interacton with the fooling. The
extent ol such a zone under a (ouung. hercinaher 1ermed as the critical
rone, vanes with the tunnel size. Figure 10 presents the exient of the
cnbcal zone lor two lnnel sizes ol W/iB=05 and 1.0. The figure
demonslrates, as would be expected, thal the cribcal zone is greater for
a larger tunnel. When the tunnel is located within the critical zone, the
ullmate beanng capacity of the looling decreases with decreasing
distance from lhe tunnel.

7 SUMMAHY AND CONCLUSIONS

The mieraction belween sirip lovlings and shallow circular solt ground
lunnels was nvestigated using a two dimensional hnite diflerence computer
program named FLAC. The analysis was perdormed on an IBM-PC. In
the analysis, the soll was idealized as a nonlinear elastic perfectly plastc
matenal which obeys Hooke's law and Drucker Prager yield criterion.
Condilions analyzed included a single looling above a single tunnel and
a single looting above double lunnels with varying looting and tunnel
sizes, tunnel tocations, and depth 1o lunnels. Vanables invesigaled were

tooing displacement, tunnel detormaton, stress  distribution, and the
ulumate bearing capacity ot the looung
Based on the results of the study, u s concluded thal  signihcant

looting/lunnel interacton will lake place aonly when the looung and tunnel
are located within the crical zone. The exient ol the cntical zone vanes
with the tunnel sice. The closer the lunnel is lo the fooling. the grealer
the interacbon will be. The inleraction will result in greater looung
displacements and tunnel delormations, and will decrease the ultimate
beanng capacily ol the fooung. Thus, to design a sale and structurally
sound soh ground tunnel and the overlying looling, the interaction
belween the two must be properly laken inlo consideration.
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