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Abstract This paper presents the measured behavior of small-scale single rammed aggregate piers as
a function of the piers’ slenderness ratio. For this purpose, loading tests at the site were carried out
on two groups of single rammed aggregate piers with a constant diameter of 135 mm and variable
lengths of 350–1000 mm, and two groups with a constant length of 1000 mm and various diameters of
105–185 mm. The testing area consisted of relatively uniform saturated soft alluvial clay overlain by a
1-m-thick wet soft-to-stiff silt layer. Results show that when length and diameter change, the pier load
and top settlement variations at the design limit, in terms of the slenderness ratio, are not in the same
direction while other design limit parameters’ variations are. The variations of design limit parameters in
the two modes of change to pier length and diameter including the applied load, top settlement, stiffness
modulus and piermodulus, in terms of the slenderness ratio,make a linear functionwhile the variations of
load and settlement ratio show an exponential function. Interpretations of the test results are particularly
focused on the load-settlement behavior and variations of design limit parameters as a function of pier
slenderness ratios.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.
1. Introduction

Rammed Aggregate Piers (RAPs) are one of the soft soils
reinforcement techniques that in recent years have been
increasingly used to reduce intolerable settlements, as well as
to improve the bearing capacity and stiffness in various building
and transportation projects [1–5]. The construction process of
rammed aggregate piers consists of three steps: cavity drilling,
making end-resistant bulbs, and implementing pier shafts. End-
resistant bulbs and pier shafts are constructed using layers
of open graded and well graded gravel, respectively [1,6,7].
The nominal thickness of aggregate layers, which has been
documented in the literature by a number of authors, is 0.3 m,
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and each layer is compacted using a specially designed beveled
tamper connected to a hydraulic hammer [8,9].

The hydraulic hammer delivers between 1 and 2 million
ft-lbs of energy to the RAP at approximately 400 blows per
minute [7]. As a result of aggregate compaction, the soft soil at
the end bulb deforms downwards and laterally, and in the next
aggregate layers, the soft soil around the pier deforms laterally
under compression. An increase in the pier diameter due to the
compaction of aggregate layers helps thematrix soil around the
pier to be compacted and the pier stiffness to increase [10–13].
Unlike drilled deep and shallow foundation systems, parameter
values for rammed aggregate piers are derived from the results
of modulus tests carried out at each project site [14]. Predicting
the load–settlement and load transfer behaviors is important
in the designing of RAPs [15]. The designing of this system
and developing of analytical methods involving RAPs require a
full understanding of the variations of design limit parameters
as a function of pier slenderness ratios. Changes to the pier
slenderness ratio can be a function of changes to the pier
length or diameter. Therefore, two groups of single RAPs with
different lengths and diameters and various slenderness ratios
ranging between 2.6 and 9.5 were constructed and tested in
the soft soils of the Bushehr Special Economic Zone in south
Iran. Soil properties and layer conditions at the test site were
evaluated bymeans of conventional laboratory and in situ tests.
The applied load on the top, and top and tip settlements of
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the piers, were measured. The piers tip load is determined
by the measured pier tip settlement and by using the
load–settlement curve of end-resistant bulbs, which is obtained
directly from the loading tests on the end-resistance bulbs. In
this paper, the process of construction and the testing method
of small-scale RAPs’, as well as the method of measuring their
load–settlement data at the site, are presented. Furthermore,
the load–settlement behavior, tip to top load ratio and stiffness
modulus of RAPs are compared in terms of the slenderness
ratio in the two modes of variable pier length and variable pier
diameter. Also, variations in the RAP design limit parameters as
a function of pier slenderness ratio have been studied.

2. Construction and loading of single RAPs

In this study, two groups of single RAP were tested. In
the first group, five cavities with end-resistant bulbs and five
single RAPs with a constant diameter of 135 mm and variable
lengths of 350, 550, 700, 850 and 1000 mm were constructed.
The second group consisted of four cavities with end-resistant
bulbs, and four single RAPs with a constant length of 1000 mm
and variable diameters of 105, 135, 155 and 185 mm. The
RAP with the length of 1000 mm and diameter of 135 mm
was shared by both groups. Based on the influence radius (rm)
presented by Randolph and Wroth [16], the distance between
the RAPs was arranged in such a way that the RAPs could not
affect each other. The influence radius is the distance at which
the shear stress effect becomes negligible and can be computed
by the following equation [15,16]:

rm = 2.5(1 − υ)L, (1)

where υ sand L are the soil Poisson ratio and RAP length, re-
spectively. The RAP shafts were constructed using successively
compacted layers of crushed lime stone classified as GW (Cu =

9.63, Cc = 1.83 and D10 = 1.08 mm), which was made up of
%69 gravel (Dmax = 22 mm), %29.2 sand and %1.8 silt in weight.
On the other hand, the end-resistant bulbs were constructed
using layers of open graded gravel with a maximum size of
22 mm. The thickness and compaction duration of each layer
were 100 mm and 10 s, respectively. The weight of the electric
rammer and its accessories, the impact rate and the impact en-
ergy were 105 lb, 1030 rpm and 60 J, respectively. The impacts
were applied to each layer by a beveled tamper connected to
an electric rammer. The thickness of the circular steel beveled
tamper was between 25 and 45mm and its diameter was about
20 mm less than the diameter of each cavity. Figure 1 depicts
the electric rammer, special tampers and a constructed RAP af-
ter the loading test.

In order to load the rammed aggregate piers,mobile reaction
beams, in the form of a loading cart and a modular rail system,
were used, both to speed up the tests and to make them more
economical. The advantage of this system was in the provision
of a mobile support which could bear the applied reaction force
of the loading jack. In this system, four rails with a 6 m length
were used. These rails weremoved in proportion to the forward
movement of the loaded cart. Each rail was connected to six
1 m-long wooden pads with a 150 × 150 mm cross section.

This system was designed to support a maximum force of
100 kN applied by the jack at the center of the cart. In order to
prepare the cart path, two longitudinal strips of 50 m length,
2.6 mwidth and 0.4 m depth were excavated in the soft ground
and the spoils were disposed. Then, the excavation area was
filled up with rubble. The filling was carried out manually
without disturbing the bed area of the ground between the
strips. At the next stage, two 0.3 m-thick sub-base layers of soil
Figure 1: Illustrations of (a) electric rammer, (b) special tampers by 45 degree
bezel, and (c) a typical of RAPs after loading.

were watered and compacted with a roller on the stone layer.
Figure 2 shows themeasurement details of the loading cart and
the modular rail system on the compacted fill.

In order to apply a compressive force to the piers, a jackwith
a maximum load capacity of 300 kN and 100 mm stroke was
used. To measure the applied force on the piers, a load cell of
100 kN capacity (with a 5N accuracy and a digital indicator)was
utilized between the jack piston and the loading cart. The jack
load was transferred to the top of the piers using a steel shaft
connected to a loading plate. The diameter of the steel shaft
and the thickness of the loading plate were 50 mm and 20 mm,
respectively. The diameter of the loading plate was equal to the
nominal diameter of the trial pier. The load transfer shaft was
connected to a jack by a jack holder. In order to maintain the
load axially and to prevent the jack from tilting during loading,
a four-thronged shaft holder was designed and constructed. At
the center of the shaft holder was a cylindrical steel of 52 mm
inner diameter and 200mm length. By passing the load transfer
shaft through the cylindrical steel, the shaft was not allowed
to tilt during loading. In practice, after establishing the loading
plate on top of the pier and connecting the shaft to it, the shaft
holder was beaten and leveled into the ground. The loading
system was designed so that there was not any possibility
of the loading plate tilting during the loading test. Therefore,
the vertical deflection was measured with a dial gauge only.
In order to measure the pier tip settlement, a mechanical
settlement set with an accuracy of 0.01 mm was designed
and built. A circular hard plastic (reference telltale plate) with
a 10 mm thickness was installed between the end resistant
bulb and the pier shaft. The telltale plate was connected to a
mechanical settlement, set at the top of the pier with a cord
that was protected by a PVC sleeve 12mm in diameter. Figure 3
shows the elements of the RAPs loading and load–settlement
measuring systems. During the loading test of each RAP, the
applied load on top of the pier (Pt ), top settlement (δt ) and tip
settlement (δb) were measured at specified times. The piers tip
load was determined by the measured pier tip settlement and
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Figure 2: Measurements of loading cart and modular rails system on compacted fill.
using the load–settlement curve of the end-resistant bulb. This
curve was obtained directly from loading the end-resistance
bulb in the same condition as the pier end-resistance bulb.

3. Site investigation

Various in situ and laboratory tests were carried out
to identify the geotechnical condition of the test site and
determine soil stratification and soil physical and mechanical
parameters for bearing capacity and settlement computations.
The results show that in the range of 4 m deep, there were
three soil layers including a thin 1 m thick layer of moist
brown silt (ML), a yellow 1.4 m thick layer of soft clay (CL)
and a 1.6 m thick gray layer of soft clay (CL) in uniform
condition. In situ tests included Standard Penetration Tests
(SPT) and Plate Load Tests (PLT). The laboratory tests conducted
in this study included unit weight, soil classification, water
content, one-dimensional consolidation, uniaxial compression
tests and direct shear tests. Figure 4 shows the profiles of
naturalmoisture content, Atterberg’s limits andN-blows of SPT.
A summary of the engineering properties of the soil layers is
presented in Table 1.

4. Modulus load test results

The load tests of rammed aggregate piers were carried out
according to the ASTM D-1143 standard (used for pile load
tests) with stress control. In this study, the load tests were
continued until the settlement of the pier top reached 25.4mm.
After performing the load test on RAPs and recording the values
of the applied load at the pier top (Pt ), top settlement (δt ) and
tip settlement (δb), the curves of Pt–δt and Pt–δb were drawn
in a Cartesian coordinate system for each pier. The purpose of
these curves in a common system is to determine the design
limit load and identify the governing behavior of the RAPs.

Usually, the initial and final part of the Pt–δt curve is lin-
ear [14]. The design limit load of a RAP corresponds to the
point on the Pt–δt curve with maximum curvature (or mini-
mum radius of curvature). The point of maximum curvature is
determined by the intersection of the two legs of the bi-linear
Pt–δt curve. For drawing the qt–δt and qt–δb curves, the ap-
plied stress (qt ) can be calculated by dividing the applied load
(Pt ) by the pier cross section (AP ). Figure 5 shows the applied
stress-settlement behavior at the top of the RAPs in twomodes:
(a) bulging deformation and (b) tip deformation. According to
Figure 5(a), the lack of curvature at the qt–δb curve after the
inflection stress represents the occurrence of bulging deforma-
tion at the top of the pier. Also, the tip deformation is identified
by observation of the curvature at the qt–δb curve after the in-
flection stress (see Figure 5(b)). Wissmann et al. [17] provide a
summary of 31 load tests performedon rammedaggregate piers
installed in silty and clayey soils (ML, CL and SM) [17]. The re-
sults indicate that rammed aggregate pierswith slenderness ra-
tios (i.e., length to diameter ratio) greater than 3.5 are more
likely to deform in bulging whereas tip deformation is more
likely to occur with smaller slenderness ratios [15]. In fact, as
the pier slenderness ratio increases, the load portion of pier
shaft skin becomes more than the load transferred at the bot-
tom of the pier. In this case when the applied load at the top of
the pier is increased, pier settlement will be caused by bulging
deformation.

4.1. Load–settlement results

Figure 6 shows the measured load–settlement including
Pt–δt and Pt–δb curves of the two groups of single RAPs. As
shown, the governing deformation in all piers with a constant
diameter of 135 mm and slenderness ratios between 2.6 and
7.4 is tip deformation. Furthermore, in piers with a constant
length of 1000 mm and slenderness ratios between 5.4 and
9.5, the governing deformation in the pier with the slenderness
ratio of 9.5 (and diameter of 105 mm) is bulging deformation.
In other piers with slenderness ratios between 5.4 and 7.4,
tip deformation governs. In total, the governing deformation
in RAPs with slenderness ratios between 2.6 and 7.4 is tip
deformation and, in the RAP with the slenderness ratio of 9.5,
it is bulging deformation. According to the results presented
by Wissmann et al. [17], RAPs with slenderness ratios smaller
than 3.5 are more likely to experience tip-settlement, whereas
in this study, RAPswith slenderness ratios smaller than 7.4 have
such a tendency. This difference can be caused by the lack of
uniformity of the ML layer and the higher stiffness of the upper
part as opposed to the lower part of the layer.

4.2. Load ratio (tip to top)

Figure 7 shows a comparison of the curves of the load ratio
(Pb/Pt ) as a function of the applied stress (qt ) at the top of
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Table 1: Summary of physical and mechanical properties of soil layers.

Layer number USCS classification Depth limits (m) Soil properties
γwet (kN/m3) ω (%) C ′ (kPa) ϕ′ (°) Cu (kPa) Es (kPa)

1 Silt layer (ML) 0.15–1.15 17–18.9 27–31 1–2a 25a 18–75b 5400–6600c

2 Clay layer (CL) 1.15–2.55 16.4 43 5 19.7 7 3300
3 Clay layer (CL) 2.55–4.15 18.3 37 5 23 14 3300

a Consolidated—drained direct shear tests.
b Uniaxial compression tests.
c From standard penetration tests.
Figure 3: Illustrations of (a) the elements of RAPs loading system in place,
(b) reference telltale plate made of hard plastic, (c) PVC cord protective tube
holder connected to reference telltale plate, and (d) elements of the settlement
set before installing into the cavity.

the RAPs in the two trial groups with a constant diameter of
135 mm and lengths between 350 and 1000 mm, and with
a constant length of 1000 mm and different diameters of
105–185 mm. As shown, as the applied stress at the pier top
increases, the load ratio (tip to top) is also increased. However,
the rates of increase of the load ratio in the piers of these two
Figure 4: Summary of results and profiles of (a)moisture content andAtterberg
limits, and (b) Navg-blows SPT.

groups are different. In the group with the constant length of
1000 mm, the rate of increase of the load ratio in piers with
diameters of 135, 155 and 185 mm is considerably higher than
the rate of increase of the load ratio in thepierwith thediameter
of 105 mm. In addition, by increasing the applied stress at the
top of the pier, the difference is also raised. The load ratio (tip to
top) in the pier with the diameter of 105 mm is in the range of
2%–5%, and in piers with diameters of 135, 155 and 185 mm
in the range of 1%–19%. In RAPs with a constant diameter of
135 mm, by increasing pier length, the load ratio (tip to top)
is decreased, and for lengths longer than 850 mm, the variation
in load ratio is very little. The load ratio in piers with lengths of
350, 550 and 700 mm is in the range of 25%–36%, 17%–23% and
12%–22%, and in the piers with lengths of 850 and 1000 mm, in
the range of 6%–15%, on average.

4.3. Pier stiffness

For determining the RAPs stiffness modulus, a steel plate
was used with a diameter equal to the nominal diameter of the
piers. Figure 8 shows a comparison of the curves of the pier
stiffness modulus (KSP) as a function of the applied stress at
the top of the RAPs in two trial groups with different lengths
and diameters. As shown,when the applied stress increases, the
pier stiffness modulus decreases. Also, with constant applied
stress, increasing pier length leads to an increase in the pier
stiffness modulus, and an increase in pier diameter causes a
decrease in the pier stiffness modulus. The stiffness modulus
in the pier with a diameter of 105 mm is constant at 1330 kPa
in compressive stress while in the other piers, the stiffness
modulus is descending.

5. Design limit results

5.1. Design limit load and inflection stress

Figure 9 shows the variation of the design limit load (Pd)
as a function of the slenderness ratio of the RAPs in two trial
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Figure 5: Modulus test results and determination of inflection stress for (a) bulging behavior at the top of pier, and (b) tip-deformation behavior at the bottom of
pier.
groups with a constant diameter of 135 mm and slenderness
ratios of 2.6, 4, 5.2, 6.3 and 7.4, and with a constant length of
1000 mm and slenderness ratios of 5.4, 6.5, 7.4 and 9.5. For
piers with a constant diameter of 135 mm and lengths of 350,
550, 700, 850 and 1000 mm, the design limit loads are 13.65,
14.65, 17.75, 19.45 and 21.75 kN, respectively. For piers with
a constant length of 1000 mm and diameters of 105, 135, 155
and 185 mm, the design limit loads are 13.85, 21.75, 24.85 and
27.75 kN, respectively.

As shown, for piers with a constant diameter and different
lengths, the design limit load has an ascending trend when
increasing the slenderness ratio, and for piers with a constant
length and different diameters, a descending trend. Therefore,
as can be seen, the trends of variation of the design limit load
as a function of slenderness ratios in the two modes of variable
diameters and variable lengths are not in the same direction.
Figure 10 shows the variations of the inflection stress (qd) as a
function of the slenderness ratio of the RAPs in the trial groups.
In this case, unlike in Figure 8, the inflection stress of the piers in
the two groups goes up when increasing the slenderness ratio.

5.2. Load ratio (tip to top)

Figure 11 shows the variation of the tip to top load ratio
at the design limit (Pb/Pt ) as a function of the slenderness
ratio of the RAPs in the two trial groups with different lengths
and diameters. For piers with a constant diameter of 135 mm
and lengths between 350 and 1000 mm, the load ratios for
the slenderness ratios of 2.6, 4, 5.2, 6.3 and 7.4 are 35.9%,
24.2%, 22.1%, 11.9% and 9.8%, respectively. In these piers,
when increasing the length, the slenderness ratio is increased
and load ratio decreased. For piers with a constant length of
1000 mm and different diameters of 105–185 mm, the load
ratios for the 9.5, 7.4, 6.5 and 5.4 slenderness ratios are 5%,
10%, 13% and 9%, respectively. In these piers, when increasing
the diameter, the slenderness ratio is decreased and load ratio
increased. In the pier with a diameter of 185 mm, the un-
normal decrease in load ratio is probably due to a change in soil
conditions. As seen in Figure 11, in each of the two groups of
pier, increasing the slenderness ratio causes a descending trend
in the load ratio. Between the trial piers, theminimum load ratio
belongs to the pier with the diameter of 105 mm and length of
1000mm inwhich bulging deformation occurred. In other piers
with tip deformation, the load ratio is between 10% and 36%.
5.3. Settlement ratio (tip to top)

Figure 12 shows the variation of the tip to top settlement
ratio at the design limit (δb/δt ) as a function of the slenderness
ratio of the RAPs in the two trial groups with different
lengths and diameters. For piers with a constant diameter of
135 mm and lengths between 350 and 1000mm, the measured
settlement ratios for the 2.6, 4, 5.2, 6.3 and 7.4 slenderness
ratios are 90%, 44%, 36%, 31% and 24%, respectively. In these
piers, when increasing length, the slenderness ratio is increased
and settlement ratio decreased. For piers with a constant
length of 1000 mm and different diameters of 105–185 mm,
the measured settlement ratios for the 9.5, 7.4, 6.5 and 5.4
slenderness ratios are 14%, 24%, 35% and 21%, respectively.
In these piers, increasing diameter leads to a decrease in
the slenderness ratio and an increase in the settlement
ratio.

In piers with a diameter of 185 mm, the un-normal de-
crease in the settlement ratio is probably due to a change in soil
conditions. As seen in Figure 12, in the two groups of pier, in-
creasing the slenderness ratio leads to a descending trend in set-
tlement ratio. Between the trial piers, the minimum measured
settlement ratio belongs to the pier with a diameter of 105 mm
and length of 1000mm inwhich bulging deformation occurred.
In other piers with tip deformation, the settlement ratio is be-
tween 21% and 90%.

5.4. Top settlement

Figure 13 shows the variations of the top settlement at
the design limit (δt ) as a function of the slenderness ratio of
the RAPs in the two trial groups with different lengths and
diameters. For piers with a constant diameter of 135 mm and
lengths between 350 and 1000 mm, the variations of the top
settlement at the design limit are between 9 and 10.8 mm,
whereas for piers with a constant length of 1000 mm and
different diameters of 105–185 mm, the variations of the top
settlement at the design limit are between 7.2 and 13.1 mm. As
shown, for piers with a constant diameter and variable lengths,
the top settlement at the design limit reveals an ascending
trend when increasing the slenderness ratio, and for piers with
a constant length and variable diameters, the top settlement has
a descending trend. Therefore, the trend of variations of the top
settlement at the design limit as a function of the slenderness
ratio in the modes of variable diameters and variable lengths
are not in the same direction.
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Figure 6: Measured load–settlement curves are presented for a group of single rammed aggregate piers by a constant diameter of 135 mm, and different lengths
between 350 and 1000 mm, and a group with constant length of 1000 mm, and different diameters between 105 and 185 mm.
5.5. Pier elastic modulus

The average modulus of elasticity of the rammed aggregate
piers can be obtained from the results of the load tests (ignoring
the created stresses in the pier-soil contact matrix) using the
following equation [15]:
ESP = (Pavg.Lt)/(AP .1Lt), (2)

where Pavg is the average of measured loads at the top (Pt ) and
bottom (Pb) of the pier; Lt is distance of the telltale plate to top
plate; Ap is cross-sectional area of the pier; and1Lt is measured
shortening length of the pier at each loading step.
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Figure 7: Comparison of the load ratio variations (tip to top) as a function of
applied stress at the top of RAPs.

Figure 8: Comparison of the stiffnessmodulus variations of two groups of RAPs
by different lengths and diameters as a function of applied stress at the top of
the RAPs.

Figure 9: Comparison of the design limit load variations as a function of the
slenderness ratio of RAPs.

Figure 14 shows the variation of piers elastic modulus at
the design limit (ESP) as a function of the slenderness ratio
of the RAPs in the two trial groups with variable lengths and
diameters. For piers with a constant diameter of 135 mm and
lengths between 550 and 1000 mm, variations of the piers
Figure 10: Comparison of inflection stress variations as a function of the
slenderness ratio of RAPs.

Figure 11: Comparison of the load ratio variations (tip to top) at design limit
as a function of the slenderness ratio of RAPs.

Figure 12: Comparison of the settlement ratio variations (tip to top) at design
limit as a function of the slenderness ratio of RAPs.

elasticmodulus at the design limit are between 70 and 125MPa,
whereas for piers with a constant length of 1000 mm and
different diameters of 105–185 mm, variations of the piers
elasticmodulus at the design limit are between 55 and 135MPa.
As shown, when increasing the slenderness ratio (i.e. increasing
the pier length and decreasing the pier diameter), pier elastic
modulus shows an ascending trend.
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Figure 13: Comparison of top settlement variations at design limit as function
of the slenderness ratio of RAPs.

Figure 14: Comparison of the pier elastic modulus variations at design limit as
a function of the slenderness ratio of RAPs.

5.6. Pier stiffness modulus

Figure 15 shows the variations of the piers stiffnessmodulus
at the design limit (KSP) as a function of the slenderness ratio
of the RAPs in the two trial groups with varying lengths and
diameters. For piers with a constant diameter of 135 mm and
lengths between 350 and 1000 mm, variations of the piers
stiffness modulus at the design limit are between 152 and
265 kPa/mm, whereas for piers with a constant length of
1000 mm and variable diameters of 105–185 mm, variations of
the piers stiffness modulus at the design limit are between 146
and 347 kPa/mm. As shown, in the piers of both trial groups,
increasing the slenderness ratiomakes for a decrease in the pier
stiffness modulus.

6. Conclusions

In this study, in order to evaluate the effect of the piers
slenderness ratio (in the two modes of variable lengths and
variable diameters) on the design limit parameters of RAPs, the
results of eight piermodulus tests at the trial sitewere analyzed.
The major findings of this study include the following:

• In all RAPs with slenderness ratios between 2.6 and 7.4,
tip deformation occurred. However, according to the results
given by Wissmann et al. [17], the RAPs with slenderness
ratios greater than 3.5 are more likely to experience bulging
Figure 15: Comparison of pier stiffness modulus variations at design limit as a
function of the slenderness ratio of RAPs.

deformation, and tip deformation is more likely to occur
in lower slenderness ratios. This difference can be caused
by the lack of uniformity of the ML layer, that is a higher
stiffness of the upper part as opposed to lower part of the
layer. The discrepancy can also be due to the difference in
the scale of the RAPs construction.

• In RAPs, the load and top settlement variations at the design
limit as a function of the slenderness ratio are not in the
same directionwhen the length or diameter changes.With a
change in RAP length, variations of the load and settlement
at the design limit, in terms of slenderness ratio, make for a
linear function.With an increase in the slenderness ratio, the
variations reveal an ascending trend, whereas with a change
in RAP diameter, increasing the slenderness ratio makes for
a descending trend.

• WhenRAP length and diameter change, variations of the RAP
stiffness modulus, RAP elastic modulus and inflection stress,
as a function of the slenderness ratio, show a linear function,
which has an ascending trend when the slenderness ratio
increases.

• When RAP diameter and length are changed, variations of
the load ratio (tip to top) and settlement ratio (tip to top) at
the design limit, as a function of slenderness ratio, make for
an exponential function, which decreases with an increase
in the slenderness ratio.

• The load ratio (tip to top) at the design limit, for the RAPwith
a diameter of 105 mm and bulging deformation, is about 5%,
and in other RAPs with tip deformation, it is between 10%
and 36%.

• The settlement ratio (tip to top) at the design limit, for the
RAP with the diameter of 105 mm and bulging deformation,
is about 14%, and in other RAPs with tip deformation,
between 21% and 90%.

• When the length and diameter of RAPs are changed,
increasing the applied stress at the top of the RAP raises
the load ratio (tip to top) and decreases the RAP stiffness
modulus.

• In field research and for testing RAPs, use of a cart-and-rail
system can be a fast and economical method.

• The performance of the constructed dial settlement set was
desirable for measuring the tip settlement of the small-scale
RAPs. The use of this set is encouraged in real scale RAPs.

• In modulus load tests, by using the loading system designed
for this study instead of reading three components of the
settlement at the level of loading, it is possible to read one
component of the settlement only. The designed loading
system could also be used in plate load tests.
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• In this study, significant relationships were obtained be-
tween design limit parameters and slenderness ratios of dif-
ferent RAPs when changing the RAPs length and diameter.
There has been less attention paid to this subject by other re-
searchers, so far. Therefore, due to the possibility of obtain-
ing design limit parameters as a function of the slenderness
ratio in different areas, further research for finding similar
relationships is encouraged.
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