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Abstract. Adjacency and interference of the footings are of importance in geotechnical
Researchers have studied the behavior of adjacent footings by several
approaches; however, the load-deformation mechanism used for such footings under unequal
and non-simultaneous surcharges has not been explored to date. In this study, two series
of experiments were conducted using small-scale 1 g models to investigate the behavior
of two adjacent footings under reinforced and unreinforced soil conditions. The footings
were installed with different side-to-side spacing and placed on loose saturate sand. The
ultimate bearing capacity, settlement, and tilting of footings were evaluated when: (1)

the footings rested on unreinforced sand and (2) the soil underneath the new footing was
reinforced by concrete pedestals. The results indicated that reinforcing the new footing by
three concrete pedestals at a spacing to footing’s width ratio (S/B) of 0 (i.e., two coherent
footings) led to increasing the bearing capacity of the new footing by 67%, compared to
that of the unreinforced condition. Moreover, the settlement and tilting of the old footing
adjacent to the new footing decreased up to 250% and 600%, respectively, in comparison

to those of the unreinforced condition.
(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

The design and construction of foundations in soft
soils are one of the most significant and challenging
processes for engineers since any possible weakness in
foundations may result in potential damage to struc-
tures. In the current practice, due to the population
growth and land scarcity, structures are constructed
in close proximity. In areas where heavy buildings
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are constructed next to light buildings, the stability
of the adjacent light buildings is threatened by the
probable uneven settlement due to the neighbor sur-
charge. Therefore, investigating the adjacency effect
and mitigation techniques on the bearing capacity,
settlement, and tilting seems to be essential in the soft
grounds.

Many previous studies have focused on the ul-
timate bearing capacity of the interfering footings
resting on unreinforced and reinforced soil conditions
(e.g., [1-8]). Stuart [1] utilized the limit equilibrium
method to evaluate the interference effect of two strip
footings on their ultimate bearing capacity, and found
that changes in spacing between the footings caused
variation in their ultimate bearing capacity. Research
on the interference effects of two closely spaced footings
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on reinforced sand indicates that sand reinforcement
definitely improves the mechanical performance of the
nearby footings. Ghazavi and Alimardani Lavasan [2]
studied the interference effect of shallow foundations
constructed on sand reinforced with geosynthetics.
They explored the role of the contributing parameters
in the interference factor including the reinforcement
location and the distance between the two close foot-
ings. Srinivasan and Ghosh [5] experimentally inves-
tigated the interaction between two nearby circular
surface footings by conducting a number of laboratory
scaled model tests on a dry and cohesionless Ennore
sand stratum. The experimental study indicated that
the ultimate bearing capacity of the two interfering
footings increased by decreasing the spacing between
the footings. A review of the previous works indi-
cates that the load-deformation mechanism of nearby
foundations with unequal and non-simultaneous sur-
charging has been rarely addressed, while this type of
proximity is more prevalent in urban areas.

In a recent paper [9], the authors presented the
results of various tests on nearby strip footing with
the loading specifications mentioned above, and found
that detrimental uneven settlement occurred due to
proximate loading. The current paper aims to reveal
the results of the mitigation technique applied to min-
imize the potential damage of the light footing, which
generally settles in an asymmetric fashion. In the first
part of this study, the interfering effect of two adjacent
footings on their ultimate bearing capacity, settlement,
and tilting is studied briefly by conducting ten small-
scale 1 g model tests. It is indicated that one of the
two considered footings represents the light building
(the old footing), and the second one is the sample of
the new heavy building. In other words, the nearby
footings have unequal and separate loading conditions.
In the second step, six small-scale 1 g model tests
are performed as the main part of this investigation
to assess the influence of the improvement of the soil
underneath the new footing on the interference effects
between the footings.

2. Experimental works

2.1. Material properties
2.1.1. Sand
The soil used in this study is the Babolsar sand and
was sampled from the southern shores of the Caspian
Sea in Mazandaran province, Iran. The sand is poorly
graded and is classified as SP according to the unified
soil classification system (ASTM D422 [10]). Figure 1
and Table 1 represent the grains size distribution curve
and basic properties of the sand, respectively.

The groundwater is close to the ground surface
and, also, the region has high seismic potential due
to the Khazar fault. In the past, several catastrophic
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Figure 1. Particle size distribution curves of Babolsar
sand.

Table 1. Basic properties of Babolsar sand.

(Ya)max  (Ya)min o~ Dso
(kN/m3) (kN/m3)

Babolsar sand 17 15.1

° (mm)
2,78 0.24 1.8

earthquakes took place near Babolsar city such as the
Bandpey 1957 earthquake (M, = 7), which caused
more than 1500 deaths and 120 villages destruction.
Therefore, the occurrence of liquefaction is likely, and
investigating the behavior of shallow foundations on
the loose saturated Babolsar sand in the area seems
to be essential. Jafarian et al. [11] evaluated the
monotonic behavior of the Babolsar sand through the
triaxial tests under isotropic and anisotropic consol-
idations. Moreover, Jafarian et al. [12] evaluated
the shear strain-dependent dynamic properties of this
sand using resonant column and cyclic triaxial exper-
iments. Further, Salamatpoor and Salamatpoor [13]
compared the liquefaction potential of the Babolsar
sand with thirteen case histories using the concept
of the liquefied shear strength ratio. The results of
these studies indicated that the Babolsar sand was
potentially susceptible to significant strain softening
due to monotonic and cyclic loads. Since the region is
densely populated and numerous shallow foundations
have been constructed, sand improvement studies are
necessary to reduce the probable risks that arise from
the shear failure of foundations in these areas.

2.1.2. Cement

In this paper, Portland cement type II (ASTM
C150/C150M-17 [14]) was utilized in the experiments.
This type of cement, which is appropriate for the
structures exposed to soil or water containing sulfate
ions, was obtained from Mazandaran Cement Company
as the most widely used cement in the construction
industry in North of Iran.
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2.2. Test facilities, instrumentation, and
model preparation

The equipment used in this part of the study consists
of a frame, transparent tanks, and measuring instru-
ments. The frame, which carries the applied load by
a jack, is composed of IPE 16 screwed to the rigid
foundation with eight M22 bolts. In addition, the angle
bars and reinforcements were welded to the frame to
avoid any possible displacement. The transparent tank,
designed as a rigid box, was made up of 4 sheets of
a 20-mm thick acrylic plate with a length of 94 cm,
width of 40 cm, and height of 94 cm. In fact, for a
visual observation of soil deformation underneath the
foundation or tracking the wedge failure behavior, the
tank was made up of transparent sheets.

To strengthen the test tank, a metal frame was
used in conjunction with all the transparent walls. The
strip footing with 15 x40 cm dimensions was made with
a thick steel sheet, and some stiffeners were welded to
the upper part of the sheets to ensure rigidity. Since
the inside width of the box was equal to the length
of the model foundations, a plain-strain condition was
generally maintained [15]. Before conducting the tests,
for each test, some preliminary works such as cali-
brating the load cell, dialing gauge, and depleting the
piezometer tubes from the air were required to ensure
higher precision. To achieve the required uniformity
in the model, the sedimentation of soils in nature was
mimicked for the sand deposition. First, the tank was
filled with de-aired water up to the height of 70 cm.
Then, the sands, dried in an oven for 24 hours, were
gradually poured into the water from a constant height
of 2 cm above the water surface by a sand rainer
to achieve the desired loose density. Since the width
and the length of the testing tank were constant, the
relative density was controlled by measuring the height
(or volume) and the weight of each layer. An attempt
was made to reconstitute the model sand deposit at
a relative density (D,) of 30 &+ 2% through a water
sedimentation process [15].

The depth of sand deposit was 70 cm for the
tests, providing enough thickness for the failure surface
caused by the load applied to the foundation plate.
This issue was checked through the finite element
modeling of the model test and the procedure of loading
application. For the foundation width (i.e., 15 cm)
and the maximum surcharge (100 kPa) specified in
the experiments, the required sand depth and the
total width of the model box were found to be 70 cm
and 70 cm, respectively, based on the finite element
modeling. For the sake of brevity, the details of the
finite element modeling are not given in this paper.

The vertical load was applied by a 1.5-ton jack,
whereas the corresponding footing settlement was mea-
sured by a load cell and three dial gauges. The time
of model preparation and testing procedure was about

Loading Jack

Digital
Indicator
Y

Dial Gauges
Strip Footing

Babolsar loose sand

Figure 2. Details of small-scale 1 g model tests
apparatus.

8 hours and all the described steps were repeated for
each test. The device and utilities were specifically
designed and constructed for this study. Figures 2 and
3 illustrate the equipment and model preparation steps
used in the experiments and the schematic view of the
experimental setup, respectively.

2.3. Model scaling

Physical modeling is divided into two categories: small-
scale model and full-scale model. Full-scale physical
modeling can simulate the real site conditions such as
ground conditions, pressures, and stress levels. How-
ever, due to difficulties in preparing the conditions for
this type of modeling and its high cost, the researchers
encourage the use of small-scale physical models using
the theory of similarity and scaling law.

Based on ASTM D1194-72 [16] for plate load tests
in granular soils, the replacement of a prototype with
a plate N times smaller in dimensions results in an
ultimate bearing capacity IV times smaller than that of
the prototype. In this study, a small-scale model with a
ratio 10 times smaller than the hypothesized prototype
was built. Since the stress levels are low in small-scale
modeling, the stress-strain behavior of the prototype is
considered for the model, too. Moreover, the scaling
factors are assumed in this study. Table 2 shows the
applied theory of scaling law defined by Wood [17].
Jafarian et al. [18] applied the Vargas-Monge [19] data
and the brittleness index concept proposed by Bishop
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Figure 3. (a) Schematic view of the experimental setup. (b) Section view of the strip footing with concrete pedestal

(dimensions are in centimeters).

Table 2. Scaling factor used to convert the parameters to
prototype units [17].

Scale factor

Parameter

(prototype/model)
Length N
Displacement NG
Mass density 1
Stress and pressure N
Stiffness N*

Note: For sands x= 0.5

et al. [20] to account for the correlation of relative
density and effective stress level between the model and
the prototype scales. For the Babolsar sand (i.e., the
sand used in the current study), they decreased the
relative density (D) of the sand by about 20% on the
model scale in order to compensate for the 10 times
smaller effective stress level, leading to a more dilatant
behavior in the model test. This type of scaling is
commonly used for the 1 g model tests concerned with
large deformation problems (e.g., [21-23]). Therefore,
in this study, the loosest state of the Babolsar sand in
the 1 g box was achieved with D, = 30 £ 2%, which
corresponded to D, = 50% on the prototype scale using
the adopted scaling factor (N = 10).

2.4. Experimental and test procedure

In this study, 16 tests were conducted in two series
(first series, Factor of Safety (FS) = 2; second series,
FS = 3) including 10 tests under the unreinforced

condition and 6 tests under the reinforced condition; in
addition, different safety factors were considered. One
test was performed on a single footing as a benchmark
for making a comparison between different conditions.
Table 3 shows the details of all tests in this study.
In general, this research is composed of two main

Table 3. Details of the tests program.

No. Test Test Factor of Clear
code series Safety (FS) space (S)
1 (St-1-2-0B)* 1 2 0B
2 (St-1-2-0.1B) 1 2 0.1B
3 (St-1-2-0.3B) 1 2 0.3B
4 (St-1-2-05B) 1 2 0.5B
5 (St-1-2-1B) 1 2 1B
6 (St-2-3-0B)" 2 3 0B
7 (St-2-3-0.1B) 2 3 0.1B
8 (St-2-3-0.3B) 2 3 0.3B
9 (St-2-3-0.5B) 2 3 0.5B
10 (St-2-3-1B) 2 3 1B
11 (St-120B)P 1 2 0B
12 (St-1-2-0.3B)P 1 2 0.3B
13 (St-1-21B)P 1 2 1B
14 (St-2-3-0B)P 2 3 0B
15 (St-2-3-0.3B)P 2 3 0.3B
16 (St-2-3-1B)P 2 3 1B

Note: St = Strip footing
a: (Foundation type-First series-Safety Factor-Clear Space);
b, (Foundation type-Second series-Safety Factor-Clear Space).
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test series. In the first series consisting of 10 tests,
the interfering effect of a heavy construction (or the
new footing) on a previously constructed light (or old)
footing within different spacing and safety factors is
explored. Then, in the second series, which is the main
part of the current study, 6 tests are conducted by
adding three concrete pedestals under the new footing
with a center-to-center distance of 2.5 D (whereas D is
the pedestal diameter) in order to study the interfering
effect of the new and old footings on the ultimate
bearing capacity of the new footing, settlement, and
the tilting of the old footing. Different spacing values
and two safety factors of 2 and 3 were applied in the
experiments. The surcharge of the old footing was
determined as part of the ultimate bearing capacity
through the initial safety factors of 2 and 3, which
are in the same range commonly used in the shallow
foundation design. Moreover, the ultimate bearing
capacity of the new footing and the settlement of the
old footing were altered remarkably by changing the
safety factor from 3 to 2 at an S/B ratio of 0. This
effect was mitigated by increasing the clear spacing
between the two footings.

Each series has two stages; in the first stage of the
first series, a 40 x 15 c¢m strip footing was placed on the
saturated sand surface after preparing the saturated
sand deposit in the box. Since the length of the strip
footing model is equal to the width of the box, a
plane-strain condition can be reasonably maintained.
Subsequently, the load was applied to the single footing
until the bearing capacity reached the ultimate value,

which represents the failure displacement (i.e., 20% of
the footing width). It should be noted that, based
on the method presented by Vesic [24], the ultimate
bearing capacity was defined as the load corresponding
to the settlement of 15 to 25% of the foundation width
(in the case of local or punching shear failure). In this
study, the considered settlement ratio corresponding to
the ultimate bearing capacity was assumed to be 20%
of the footing width (see Figure 4(a) to (d)).

Considering the desired safety factors, the bearing
capacity, the settlement, and the tilting of the founda-
tion were measured by three dial gauges installed at the
edges of the strip footing. In the second stage, the old
footing was loaded to achieve a constant desired weight.
Then, a specific clear spacing was considered to place
the second footing as representative of the new footing
of a heavy building. In the meantime, by keeping the
load of the old footing constant, the new footing was
loaded up to its ultimate bearing capacity, as shown
in Figure 4(b)—(d). Then, the bearing capacity of the
new footing due to the adjacency, the settlement, and
the tilting of the old footing interfering with the new
footing was recorded and compared with the isolated
ones.

The second series tests (including 6 ones) are
conducted at two stages, the same as those of the first
series. However, in this series, the soil underneath the
new footing was reinforced by three concrete pedestals
with a diameter of 2.5 ¢m, a depth of 15 cm, and
a center-to-center distance of 2.5 D. Initially, the
sand was poured into the box up to the desired height

New Footing Old Footing

Old Footing

New Footing

Figure 4. Location of footings in some tests: (a) Two footings at a ratio of S/B = 0 (before loading on the new footing),
(b) isolated footing, (c) the effect of the new footing on the old footing at a ratio of S/B = 0.1, and (d) the effect of the

new footing on the old footing at a ratio of S/B = 0.
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and, then, three pedestals were placed vertically and
restrained through strings. In the next step, the
sand raining continued until the specimen reached the
top of the surface of the pedestal. After applying
the surcharge on the old footing through cutting the
strings, the new footing was located on the reinforced
sand (by pedestals) and, finally, the tests continued
thereafter. Pedestal installation under the new footing
results in transferring additional imparted stress to the
deeper soil, which decreases the interfering effect of the
new footing on the old footing. Figure 5 illustrates the
process of concrete pedestal installation for reinforcing
the new footing underneath.

The parameters including the ultimate bearing
capacity of the new footing, the settlement, and tilting
(rotation) of the old footing are investigated in the
case of the reinforced soil underneath the new footing,
compared with those of the unreinforced footing. The
results obtained from this study show that reinforcing
the new footing placed adjacent to the old footing
causes a significant increase in the bearing capacity
of the new footing and a dramatic reduction in the
settlement and tilting of the old footing. The details of
the results in terms of bearing capacity and settlement
indices are described in the next section.

3. Test results and discussion

In order to evaluate the effect of the interference
factors on the ultimate bearing capacity of unreinforced
and reinforced conditions in soil beneath, the new
footing due to the old footing adjacency, and the
settlement of the old footing resulting from the new
footing, (IFp)ncw; (IFB)yews (IFs)o1a; and (IFS):;ld

are respectively defined as follows:

(IFB)new = M’ (1)
qy.(single)
(]FB);LEU, — (Qu—int—P)new 7 (2)
qu(single)

A
(IFS)old:( th)Old’ (3)
A(single)
Ain— )old
[Fg)l,, = Bint=p)old 4
(1P g = (=t @

where (qu—int)new and (Gu—int— P )new are the ultimate
bearing capacity of the new footing in the presence of
the old footing under unreinforced and reinforced (with
concrete pedestal) conditions, respectively. Further,
(Aint)ora and (Ajni—p)ora are the settlement of the old
footing for the considered safety factors as the result
of the new footing surcharge under unreinforced and
reinforced (with concrete pedestal) conditions, respec-
tively. Herein, qy(singie) and A(gingie) are the ultimate
bearing capacity and the settlement of the isolated
footing (known as the old footing), respectively, for the
considered safety factors.

3.1. Ultimate bearing capacity of interfering
footings
To achieve a reliable estimate of the interference effect
on the bearing capacity, the settlement, and the tilting,
a foundation model was placed at the center of the
testing box at first and loaded up to the point of failure.
Then, the stress-settlement curves of the tests were
plotted on a single footing, as shown in Figure 6(a).
The desired safety factors were considered as the
counterparts of the final surcharge applied for each
of the old footings located nearby the new footings.
Then, the new footing (with the same size of the old
footing) was placed close to the old footing, while it
was loaded to the point of failure (through a strain
control manner) by considering different clear spacing
distances (5). It should be noted that the midpoint
of the clear spacing coincides with the middle of the
testing box. Afterward, the contact stress of the new
footing was measured, as plotted in Figure 6(a).
Figure 6(a) presents the stress-settlement curves
of ten tests on the two nearby footings plus one test
associated with the single footing. Accordingly, the
stress-settlement curves of all double foundation tests

Concrete
pedestal

Old footing

Figure 5. (a) Process of concrete pedestal installation for reinforcing the new footing underneath. (b) Location of the old
footing adjacent to installed concrete pedestals (reinforced) before insertion the new footing.
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Figure 6. Bearing capacity versus foundation settlement
for (a) ten tests containing the first and second series of
tests under unreinforced conditions and (b) six tests
containing the first and second series of tests under
reinforced conditions (with concrete pedestals).

are located on the right-hand side of the single footing’s
curve. It is indicated that the bearing capacity in-
creases due to the presence of the new footing adjacent
to the old footing. The amount of bearing capacity
increase depends on the different spacing of the foun-
dations and the safety factor (2 or 3) considered for the
old footing. As observed, by decreasing the clear spac-
ing between the two foundations, the stress-settlement
curve experiences an increase in the bearing capacity
of the new footing. Note that the bearing capacity is
defined as the value of contact stress corresponding to
the failure settlement (20% of footing width).

Figure 6(b) illustrates the curves of bearing capac-
ity versus the settlement of six tests for the new footing
placed adjacent to the old footing when concrete
pedestals with 5 cm in diameter, 15 cm in depth, and
a center-to-center distance of 2.5 D have been utilized
underneath the new footing. Further, the graph with
dashed lines belongs to the bearing capacity versus
the settlement of a single footing. Figure 6(b) shows
that the bearing capacity of the new footing adjacent
to the old footing increases remarkably by placing
the pedestals, compared to that of a single footing.
However, this enhancement depends on the spacing
between the footings. In the six tests conducted under
the reinforced condition and for two coherent footings
(S/B = 0), the bearing capacity of the new footing
has the highest level of increase, compared to the rest
of the considered conditions. It should be noted that
three out of the six conducted tests on the old footing
under the reinforced condition have a safety factor of 3,
whereas the other three tests have a safety factor of 2.

Ag shown in Figure 7, (IFB)new and (IFp)!,.., de-
fined as the ultimate bearing capacities of the new foot-
ings, compared with a single footing, are investigated
under both unreinforced and reinforced soil conditions
underneath the new footing at different S/B ratios,
respectively. (IFB)new 18 a non-dimensional parameter
used to describe the interfering effect on the bearing
capacity and settlement of the two adjacent footings
compared with a single footing. It can be clearly ob-
served that, at S/B = 0 in the first and second series of
tests, the (I Fg)new of the unreinforced soil is 3.855 and
2.9. However, reinforcing the soil by a pedestal (i.e., 3
concrete pedestals with a center-to-center distance of
2.5 D) increases the (I Fg)!, ., significantly at S/B = 0,
whereas it reaches 6.47 and 4.7 in the first (F'S = 2)
and second (F'S = 3) series of tests, respectively.
In other words, the application of the reinforcement

7
A A FS=2, unreinforced
6l \ O FS=3, unreinforced
\\ A FS=2, reinforced
. + \\ O FS=3, reinforced
1)
Q
&3
= a4t
=
IS
s 3r
€ 2l
=
1L
R*=0.99
0 ! 1 ! 1 1 1 1 | 1 | ! | !
0.0 0.2 0.4 0.6 0.8 1.0 1.2

5/B

Figure 7. Interference factor of bearing capacity versus
S/ B ratios under reinforced and unreinforced conditions.
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technique for improving the new footings leads to an
increase in the (IFp)) ., of S/B = 0 ratio up to 67%
and 62% in F'S = 2 and FS = 3, respectively. This
increase leads to a reduction in the imposed additional
stress bubbles from the new footings to the old ones.

Although the (IFg),,.,, of /B =1,0.3, and 0 is
higher in the reinforced state than that in the unrein-
forced one, this difference is greater than the other two
ratios at S/B = 0. For example, at S/B = 1, where the
spacing between the two footings is equal to the footing
width, the (IFg)’,,, in the first and second series of
tests with the reinforced soil foundation by pedestals is
38% and 32% greater than that in the unreinforced
condition ((IFpB)pew), respectively. In other words,
although the spacing between both footings is equal
to their footing width, the ultimate bearing capacity
under the new footing increases by as much as 2 times
that of a single footing due to pedestal installation. As
a result, the interfering effect of the new footing on the
old footing decreases dramatically. Figure 7 indicates
that (IFg)!,.,, of the first series of tests is greater than
that of the second ones at a constant S/B ratio. For
example, (IFg) ., of S/B = 0 under the reinforced
condition experiences a 37.7% increase in the first series
rather than in the second one, whereas this increase
is 33% under the unreinforced condition. Increasing
the S/B ratio causes a decrease in the safety factor
influence of (IFp)new and (IFg),..; at S/B =1, the
difference in the safety factor of the two considered
series of tests is only 9% and 4% under the reinforced

and unreinforced conditions, respectively.

3.2. Settlement of interfering footings

The effect of the interference on the settlement of
adjacent strip footings in reinforced and unreinforced
conditions (concrete pedestal) at the ultimate bearing
pressure is studied. Figure 8 demonstrates the non-
dimensional parameters, (IFs)oq and (IFs)!,,, that

1.8
R?=0.9993 A FS=2, unreinforced
r O FS=3, unreinforced
A FS=2, reinforced
16t O FS=3, reinforced
;;“ L
=
T 14t
[
=2 L
Ry
~
~ 1.2}
1.0 L 1 I 1 I 1 L 1 L 1 I 1 L
0.0 0.2 0.4 0.6 0.8 1.0 1.2
S/B

Figure 8. Interference factor of settlement versus S/B
ratios under reinforced and unreinforced conditions.

are defined as the settlement of the old footing due to
the interference of the new footings in unreinforced and
reinforced conditions, respectively, compared to that in
a single footing. (IFs)!,,, which is the effective inter-
fering coefficient of the old footing due to the presence
of the new footing, shows a remarkable decrease by
installing the pedestal under the new footing compared
with the non-pedestal condition. For example, (IFs)oq
at S/B = 01s 1.62 and 1.55 in the unreinforced condi-
tion in the first and second series of tests, respectively.
However, given the same S/B ratio while reinforcing
the new footing by the pedestal, (IFgs).,, is 1.258 and
1.2 in the unreinforced condition in the first and second
series of tests, respectively. Therefore, at S/B = 0
ratio, the (IFs),.q experiences a 29% decrease in the
first and second series of tests in both of the reinforced
and unreinforced conditions. A decrease of roughly
30% in the (IFs).,;, due to the presence of pedestal
under the new footing has a low-level effect on the old
footing. The (IFs)oq and (IFg)!,, in both series of
tests (first and second) under both of the defined condi-
tions (reinforced and unreinforced) reach the minimum
value at S/B =1 ratio. In other words, increasing the
spacing between the two coherent footings (S/B = 0)
up to the width of footings (S/B = 1) causes a signif-
icant decrease in the rate of (IFs).4. However, these
variations are negligible for different safety factors and
for both reinforced and unreinforced conditions.
Figure 9 shows that increasing the S/B ratio in
both series of tests and under both reinforced and
unreinforced conditions causes a significant reduction
in the differential settlement of the old footing due to its
adjacency to the new footing, whereas the old footing
adjacency to the new footing results in an increase in
the old footing settlement at all of the considered S/B
ratios, compared with a single footing. Considering the
maximum allowable foundation’s settlement (51 mm

4.0
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i 2 _
a5l R*=0.997

1.5+

1.0

Differential settlement (mm)
o
=
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Figure 9. Differential settlement of the old footing versus
S/ B ratios under reinforced and unreinforced conditions.
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on the prototype scale) suggested by Skempton and
MacDonald [25] in the sand, the maximum allowable
settlement on the model scale is obtained as equal
to 1.61 mm (51 x 0.0316). Thus, in an unreinforced
condition and given the interference of two footings,
the differential settlement of the old footing in the five
series of tests including (st-1-2-0B), (st-1-2-0.1B), (st-
1-2-0.3B), (st-2-3-0B), and (st-2-3-0.1B) exceeds the
allowable settlement, leading to a damaging situation
for the old building.

As shown in Figure 9, the reinforcement of the
new footing by a concrete pedestal with the diameter
of 5 cm and the depth of 15 cm (L/D = 3) leads
to the remarkable mitigation of the effect of the new
footing on the old footing settlement. For example,
at an S/B ratio of 0 in the series of tests, when the
new footing is reinforced underneath by a pedestal,
the old footing differential settlement for adjacency to
the new footing decreases by 240% compared to the
unreinforced condition, whereas the reduction is 262%
in the same condition for the second series of tests.

Moreover, when S/B = 1 (the spacing between
the two footings is equal to B), the differential
settlement of the old footing due to the adjacency
of the new footing under the reinforced condition
decreases in the first and second series of tests by 63%
and 48%, respectively, compared to that under the
unreinforced condition.

The main point is that although the pedestal is
applied as a component for transferring the imposed
additional inductive stress bubbles to the deeper parts
of the soil, the effects of the new footing on the old
footing settlements reduces until the reduction of the
differential settlement of the old footing by reinforcing
the new footing with pedestal reaches less than the
allowable settlement value in all tests.

As seen in Figure 10, at S/B = 0, the settlement
ratio in the first and second series of tests under the
unreinforced condition is 0.62 and 0.55, respectively,
which respectively decreases to 0.26 and 0.2 under the
reinforced condition. The same conditions hold at
S/B = 1, while the settlement ratio is 0.12 and 0.1 in
the first and second series of tests in the unreinforced
condition, which is respectively reduced to 0.07 and
0.06 by applying the concrete pedestal as a stabilizer.

The settlement ratio of S/B = 0 in the first and
second series of tests under the unreinforced condition
is respectively 5.15 and 5.43 times greater than that
at an S/B ratio of 1. However, the application of
the pedestal underneath the new footing can facilitate
determining the settlement ratio at an S/B ratio of 0,
which is 3.48 and 3 times greater than that at S/B =1
in the first and second series of tests, respectively.

Figure 11 reveals the role of pedestal installation
underneath the new footing in increasing its bearing
capacity and, consequently, a remarkable decrease in
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Figure 10. Settlement ratio versus S/B ratios (the old
footing resultant from the new footing) under reinforced
and unreinforced conditions.
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Figure 11. Ultimate bearing capacity of interfering
versus differential settlement of the old footing resulting
from the new footing under reinforced and unreinforced
conditions.

the settlement of the old footing in both series of
tests. In other words, the reinforcement of the soil
underneath the new footing transfers the imposed ad-
ditional inductive stress bubbles produced by the new
footing (heavy buildings sample) to the deeper parts
of the soil instead of the old footing. Moreover, in five
out of the ten tests conducted under the unreinforced
condition, the adjacency of the old footing to new
footing results in exceeding the old footing settlement
from the allowable value. However, because of the
above-mentioned reasons, the application of a pedestal
decreases the settlement of the old footing up to the
allowable amount in all tests entirely.

In Figure 12, (IFp)),., in the first and second
series of tests at S/B = 0 under the reinforced condi-
tion compared to that of the unreinforced condition
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Figure 12. Interference factor of bearing capacity versus
differential settlement of old footing resulting from the
new footing under reinforced and unreinforced conditions.

is 4.07 and 3.7 times greater than that at S/B =
1, respectively. Under the reinforced condition, the
reduction of the old footing settlement between the
ratios of /B = 0 and 1 is the result of a great increase
in the (IFB)new amount due to the stabilization of
the soil underneath the new footing with 3 pedestals
(L/D =3).

To determine the degree of the reinforcement
effect on the soil beneath the new footing by means of
3 concrete pedestals used for reducing the settlement
of the old footing resulting from interference of the
new footing, the Settlement Reduction Ratio (SRR)
is defined as follows:

S reinforced) — S unrewn force
SRR = ZUremdorced) — Dlunreinforeed) (5)
S(unreinforced)
where S('rez'nforced) and S(unreinfo’rced) are the

settlement of the old footing at the desired safety
factor in the presence of the new footing in reinforced
(with concrete pedestal) and unreinforced conditions,
respectively.

Figure 13 shows the (SRR) versus different S/B
ratios for the two supposed safety factors of 2 and 3.
As mentioned before, a reduction in the settlement
ratio is defined as the settlement differential between
the reinforced and unreinforced conditions of the old
footing adjacent to the new footing compared to that
of the old footing adjacent to the new footing in an
unreinforced condition.

At an S/B ratio of 0, for the first (F'S = 2) and
second (F'S = 3) series of tests, the (SRR) is 58% and
62%, respectively. At S/B =1, the (SRR) for the old
footing due to the reinforcement of the soil underneath
the new footing with concrete pedestals reaches the
minimum. For example, at an S/B ratio of 1, the SRR
rate in the first and second series of tests is 32% and
38%, respectively.
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Figure 13. Variation of Settlement Reduction Ratio
(SRR) versus S/ B ratio.

3.3. Tilting of interfering footings

In this section, the effect of interference on the tilting of
the old footing resulting from the adjacency of the new
footing surcharge in reinforced and unreinforced con-
ditions (concrete pedestal) is investigated. According
to Figure 14, the interfering effect of the two footings
on the old footing tilting is remarkably great under the
unreinforced condition (when no pedestal exists). At
S/B = 0, the tilting under the unreinforced condition
is 0.68 and 0.62 degrees in the first and second series
of tests, respectively. At S/B = 1 ratio (spacing
equal to the footing’s width), the old footing tilting
due to its adjacency to the new footing reaches a
minimum value in both series of tests. The main point
is that, in all of the ten tests conducted under the
unreinforced condition, the old footing tilting due to
its adjacency to the new footing exceeds the allowable
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Figure 14. Tilting of the old footing resulting from the
new footing versus S/B ratios under reinforced and
unreinforced conditions.
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tilting ratio, which causes irreparable damage to light
buildings because of their adjacency to heavy buildings.
However, the placement of 3 concrete pedestals under
the new footing as a mitigating measure for transferring
the applied stress from heavy buildings to the deeper
parts of the soil leads to the mitigation of the effect
of the new reinforced footing on the tilting of the old
footing. In a reinforced condition, the old footing
tilting reaches 0.11 and 0.05 degrees in the first and
second series of tests, respectively, when S/B is 0.
In other words, this tilting value is 6 times less than
that under the unreinforced condition. At S/B =1
(the lowest tilting condition of the old footing), the
reinforcement of the old footings reduces the tilting of
the old footing by as much as 3 times, compared to that
in the unreinforced condition. It should be mentioned
that the application of 3 concrete pedestals at L/D = 3
ratio (5 cm in diameter and 15 cm in length) decreases
the old footing tilting up to the allowable ratio in all
of the conducted tests.

Figure 15 reveals that reinforcing the soil un-
derneath the new footing increases significantly the
ultimate bearing capacity of the new footing in both
series of tests. In contrast, the tilting of the old footing
decreases by the new footing reinforcement. For exam-
ple, at S/B = 0 (i.e., the two coherent footings), the
ultimate bearing capacity of the new footing in the first
and second series of tests increases by 68% and 40%,
respectively, under the reinforced condition, compared
to that in the unreinforced condition. However, with
the same condition and in both series of tests, the
tilting of the old footing reduces by up to 6 times,
compared to that in the unreinforced condition. Under
both reinforced and unreinforced conditions, the effect
of changing the safety factor from F'S =2 to F'S =3
was negligible on the old footing tilting. Moreover,
compared with the unreinforced case, (qu—int)new Of
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Figure 15. Ultimate bearing capacity of interfering
versus tilting of the old footing resulting from the new
footing under reinforced and unreinforced conditions.
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Figure 16. Differential settlement of the old footing
resulting from the new footing versus tilting of the old
footing under reinforced and unreinforced conditions.

S/B = 0 under the reinforced condition is 3.79 and
2.53 times greater than that at S/B = 1 in the first and
second series of tests, respectively. At S/B = 0, the
tilting of the old footing under the reinforced condition
reduces by 3.5 times in both series of tests, compared
to that at S/B = 1.

Figure 16 confirms the results obtained in the
previous charts, indicating a remarkable reduction in
the effect of the new footing on the old footing by
applying 3 pedestals and, consequently, a reduction
in the differential settlement and tilting of the old
footing. For example, in the first series of tests at
S/B = 0, the differential settlement and tilting of
the old footing due to their adjacency to the new
footing under the reinforced condition reduce by 8
and 3.5 times, compared to that at S/B = 1. With
the same condition defined in the second series of
tests, the differential settlement and tilting of the
old footing undergo reduction by 10 and 3.66 times.
The mentioned results highlight the reducing effect
of the new footing reinforcement on the old footing
settlement, resulting in a great decrease in the old
footing tilting.

4. Conclusions

In this study, the load-deformation mechanism of
the two nearby strip footings on saturated sand was
investigated. The footings were placed in a consecutive
manner, whereas the surcharges were unequal and non-
simultaneous. In total, 16 tests were conducted by
utilizing small-scale 1 g model tests, whereas 10 tests
were carried out under the unreinforced condition and
the rest of 6 tests done under the reinforced condition.
In the reinforced condition, the soil underneath the
new footing was stabilized by concrete pedestals. The
following results are drawn:
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The interference of two adjacent footings in which
one resembles a heavy building’s footing (the new
footing) and the other represents a light building’s
footing (the old footing) had an outstanding effect
on the bearing capacity of the new footing, settle-
ment, and tilting (rotation) of the old footing under
both reinforced and unreinforced conditions;

The amount of (IFp)new at S/B = 0 experienced
an increase by 67% and 62% in the first and second
series of tests, respectively, under the reinforced
condition, compared to the unreinforced condition;

In the first and second series of tests at S/B =
0, the differential settlement of the old footing
due to the new footing adjacency underwent a
reduction by 240% and 262%, respectively, under
the reinforced condition ((IFg)!.,,), compared to
the unreinforced condition;

At S/B = 0, the tilting or rotation of the old footing
due to the adjacency to the new footing reduced up
to 6 times under the reinforced condition, compared
to the unreinforced condition;

The Settlement Reduction Ratio (SRR) of the old
footing adjacent to the new footing at S/B = 0 was
58% and 62% in the first and second series of tests,
respectively;

In both reinforced and unreinforced conditions,
changing the safety factor had a negligible effect
on the tilting of the old footing placed close to the
new footing;

Among the 10 tests conducted under the unrein-
forced condition and footing adjacency, the set-
tlement of the old footing exceeded the allowable
settlement in 5 tests; however, in the same con-
dition, the tilting of the old footing exceeded the
allowable tilting in all the 10 performed tests, which
may cause irreparable structural damages to the
foundation of the light buildings (the old footing)
resulting from heavy structures;

The results indicated that the application of con-
crete pedestals as the soil stabilizer beneath the
shallow footings (neither settlements nor tilting)
reached the allowable level. In other words, using
three concrete pedestals at L/D = 3 beneath
the new footing had a notable role in decreasing
the settlement and tilting of the old footing and
increasing the ultimate bearing capacity of the new
footing;

In terms of the tilting and settlement of the old
footing, the results indicated a tremendous effect
of the old footing surcharge on these parameters
attributed to its adjacency to the new footing. It
needs to be noted that the highest impact of the
old footing surcharge on its tilting and settlement

values was
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observed at an S/B ratio of 0. This

impact decreased with increasing the clear spacing
between the footings.

Nomenclature

B Width of strip footing

D Pedestal diameter

D, Relative density

(IF B)new Interference factor in the new footing
for bearing capacity

(IFB)! ow Interference factor in stabilizing the
new footing for bearing capacity

(IFs)ola Interference factor in the old footing
for settlement

(IFs) 4 Interference factor in stabilizing the
old footing for settlement

FS Factor of safety for the old footing

L Pedestal length

S Clear spacing between two footings

SRR Settlement Reduction Ratio

S(reinforced)  Settlement of the old footing with the
desired safety factor in the presence
of the new footing in the reinforced
condition

S(unreinforced) Settlement of the old footing with the

(qu—Int ) new

(qu—Int—P)new

Qu(single)

(Aint )old

(Aint—P)otd

A(sin,gle)
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