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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. Swellable soil is the type of soil that undergoes significant volumetric
change upon changing the moisture content of the soil that takes place in the field
due to seasonal changes and elevating the water table level. The granular pile
anchor (GPA) is a cost-effective and efficient foundation used to mitigate swellable
soil's heave and uplift forces. The main purpose of this study is to introduce new
prediction equations for the swelling and uplift pressure of the swellable clays
based on previous numerical modelling results in order to reduce the effort, energy,
materials, and time, which are usually required to conduct full-scale research
on investigating the efficiency of GPA. In this study, numerical analyses were
performed using Plaxis 3D software on models of GPA embedded in swellable
soil at different GPA lengths, diameters, and number of piles (for group piles). The
results of heave and uplift forces were then used to develop empirical equations that
can predict heave and uplift forces based on variables proven by previous studies
to be significantly influential. Statistical analysis and checks were performed to
validate the accuracy of the developed equation. Despite the fact that this study
through its finding emphasised the importance of GPA in reducing the swelling
and uplift pressure, it was concluded that the developed equations are reliable and
applicable for certain GPA length and diameter ranges.
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AHHOTanus. [CiHETIH TONBIPAK — MayChIMJIBIK ©3TepiCTepre KoHEe Cy JIeHIeH-
1HIH KeTepinyiHe OalIaHBICTHl TaHaNTa OOJNATHIH TOIBIPAKTHIH bUIFAJIIBLUIBIFBI
©3repreH Ke3ze aiTapibIKTall KeJeMIIK e3repiCKe YIIBIPAHTHIH TONBIPAK TYPI.
Ty#ipmikri kama ankepi (GPA) iciHETIH TOMBIPAKTHIH KOTEPITY KOHE KOTEPITy
KYIITEepiH a3aiiTy YIIiH KOJIJaHBUIATBIH YHEMJ1 JKOHE THiMJI ipretac OoJbIN Ta-
Obutazabl. by 3eprreyain Herisri makcathl, 9nerte, GPA Tuimainirin 3eprrey Ooi-
BIHIIIA TOJIBIK ayKBIMIIBI 3€PTTEYJIEp JKYPri3y YILUiH Tajar eTUICTiH KYII, YHePTHs,
MarepHaaap KOHe YaKbITThI a3alTy YIIIH aJl/IbIHFBI CAHIBIK MOJIEIbICY HOTHIKE-
JIEpiHEe HETi3/IeJIreH ICIHETIH ca3/ap/IblH ICIHYy1 )KOHE KOTEPIIYy KbIChIMBIHBIH KaHA
Ooypkay TeHAEYNepiH eHrizy Oomnbin Tadbutanbl. by 3eprreyne oprypni GPA y3bin-
IBIKTapbIHIA, AUaMEeTpIIepiHie j)KOHe Kajaiap CaHbHIa (TONTHIK Kajaiap YIIiH)
iciHeTiH TomeIpakka enaipinres GPA yarinepinge Plaxis 3D 6arnapiamansik Kypa-
JIBIHBIH KOMETIMEH CaHIbIK Tayaaynap kyprizinai. ConaH KeiiH KoTepity KoHe Ko-
Tepy KYILITEPiHiH HOTHKEJIEpl allTapibIKTall ocep €TeTiH aJlbIHFbI 3epTTeyIepPMEH
JQJIENICHT€H alfHBIMAIIbIIIAPFa HETI3/1eNITeH KOTEPLTy JKoHe KoTepy KyIITepiH 00i1-
Kall aJaThIH SMIIMPHUKAJIBIK TCHACYIEpIl 93ipiey YIuiH naiinanansuiasl. XKacanran
TEHJICY/IIH JAYPBICTHIFBIH pacTay YIIiH CTaTHCTHKAJIBIK Tajayjap MEH TeKCepylep
Kyprizinmgi. byn 3eprrey o3 HoTmkenepi apkpuibl GPA-HBIH iCiHy MeH KeTepilty
KBICBIMBIH TOMEH/ICTYAETT MaHBI3/IbIIBIFBIH aTall KOPCETKeHIHe KapaMacTaH, 33ip-
JIEHTEH TeHAEYep ceHiMIi skoHe 0enrisii GPA y3BIHIBIFE MEH TUaMeTpi Tuana3oH-
JIaphl YIIIiH KapaM/Ibl JIETeH KOPBITBIH/IbIFA KeJII.

Tyiiin ce3mep: iciHerin ca3, TyHipuikti kaga ankepi (GPA), ketepy Ky,
IMITUPHUKAIIBIK TEHJICY, CTATUCTUKAIIBIK TaJI/Iay.
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Annoranus. HaGyxarouiue TpyHTBI — 3TO THII TPYHTOB, MPETEPIICBAOIINX
3HAUUTEJbHbIC OObEMHBIE HW3MEHEHHUS IPU HM3MECHEHHH BII)KHOCTU TIOYBBI,
MPOMCXO/SILEM B MOJEBBIX YCIOBHSX M3-32 CE30HHBIX KOJIEOAHWH M MOBBIIICHHUS
ypOBHsI IpyHTOBBIX BoA. ['panynsipnas ankepnas cBas (IAC, anrmi. GPA) — ato
SKOHOMHUYHBIN U 3 GeKTUBHBINA TUN QyHIaMEHTa, UCIOIb3YEeMBbIi ISl CHIDKCHUS
CHJl TMy4yeHHss M moabéMa HalOyxaommx TpyHTOB. OCHOBHas ILeib JaHHOTO
HCCIIeIOBaHUS — pa3padOTKa HOBBIX YPaBHEHHMH AJIsl IPOTHO3UPOBAHUSI JaBICHNUS
My4yeHus: W NoabéMa HaOyXaloUMX TJIMH Ha OCHOBE PE3YJbTaTOB MPEABLIYIINX
YHUCIEHHBIX HCCIENI0BaHUM. DTO IMO3BOJUT COKPATUTh 3aTpaTbl PecypcoB (CHII,
SHEPTUU, MarTepualioB M BpPEMEHH), OOBIYHO TpeOyeMbIX Uil HPOBEICHHUS
nojiHoMacITabHbIX uccienaoBanuii 3 dpexrusuoctr [AC. B naHHOM Hccie0BaHUN
YHCJICHHBIA aHAU3 MPOBOAMICS C MOMOIIBIO MPOrpaMMHOro obecreueHus Plaxis
3D na mopmensix ['AC, 3armnyOneHHBIX B HaOyxarollue TPYHTBHI, MPH Pa3InYHbIX
JUIMHAX, JUaMeTpax M KOJIM4YecTBe cBall (sl rpymnmoBbIX cBaif). Pesymbrarhi
pacyéToB cui My4YeHUs] M MOxbEMa ObUIM 3aTeM MCIOJIb30BaHbI AJISl Pa3paboTKu
SMIMPUYECKUX YPABHEHUH, MO3BOJISIOMIMX MPOTHO3UPOBATh CHUJIBI IyYEHUS U
noabéMa Ha OCHOBE IEPEMEHHBIX, 3HAUUTENIbHOE BIMSHHME KOTOPBIX JOKAa3aHO
MPEABLIYIIUMH UcClIeJOBaHUAMU. 15l MOATBEPKICHUSI TOUHOCTH pa3paboTaHHbBIX
ypaBHEHHUH ObLI MPOBENEH CTATUCTHYECKHUIA aHalIM3 U IpoBepku. HecMoTps Ha To,
YTO JAHHOE HCCIIe0BaHKUE MOJYepKHYI0 BaKHOCTh ['AC B CHMKEHMH JaBJIEHUS
HaOyxaHusi ¥ TOoxbEMa, CHENaH BBIBOJI O TOM, YTO pa3pa0OTaHHbBIC ypaBHEHHS
HaAEKHBI M IPUMEHUMBI JUIsI OTIpeIeNEHHBIX TUana3oHoB JIUHbI 1 fuameTpa [AC.

KioueBsble cioBa: HaOyxatomias inHa, Tpany/sipHas aHkepHast cBasi (GPA),
noabEMHas CHJIA, SMIIMPUYECKOE YpaBHEHHE, CTATUCTHUECKUN aHAIIN3
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Introduction. The GPA is an advanced foundation system that was presented to
mitigate the effect of swellable soil heave on footings and raft foundations and helps
to improve their engineering behaviour. GPA is a modified form of the conventional
granular pile at which an anchor is added to provide tension resistance for the pile
(Miao et al, 2020; Chittoori et al, 2010; Alhani et al, 2020; Choudhary et al, 2018).

The addition of the anchor rod increases tensile resistance, while the force acting
downward such as the pile weight and the friction along the pile-soil interface both
counteract the swelling force exerted beneath the foundation's base due to swelling.

Additionally, the heave of swellable soil that creates lateral swelling pressure
further increases GPA's resistance to the uplift force by confining the granular
pile anchor radially and raising friction, which makes it more difficult for the pile
to be easily lifted (Gedik et al, 2005; Santhosh et al, 2012; Albadri et al, 2018;
Jotisankasa et al, 2016).

The GPA must be designed to withstand the uplift force exerted by the swellable
soil. However, factors include GPA length, diameter, L/D ratio, and properties of
granular fill material (Vahneiki et al, 2024; Lim et al, 2022; Vanapalli and Fredlund,
2000).

(Ismail, and Shahin, 2011) figured out two modes of GPA failure under pullout
load: pile failure mode and bulging failure mode. Additionally, they emphasized
that greater ultimate pullout capacity was mobilized by the bigger surface area
attained by increasing the length and (or) diameter. Additionally, they proposed
that the primary failure mode of GPA is governed by the L/D ratio. A laboratory
investigation was conducted by (Albadri et al, 2021; Rao et al, 2007) on GPA
installed in swellable soil to examine the pullout forces developed by the heave of
swellable soil at different GPA lengths, diameters, and the physical properties of
the filling material. The results indicated that as the length and diameter of the GPA
increased, the ultimate pullout load also increased in all cases

Based on the findings of finite element analysis using Plaxis software, (Rao, et
al, 2007; Bulut, et al, 2001) examined the behavior of a footing reinforced with a
single and group GPA at various diameters. The findings indicated that as the GPA's
diameter increases, its resistance to the heave of expanding soil appears to improve.
In this study, empirical equations to predict swellable soil's heave and uplift forces
were developed based on results obtained from numerical modelling using Plaxis 3D.
This study aims to reduce the effort, energy, materials, and time, which are usually
required to conduct full-scale research on investigating the efficiency of GPA.

Materials and Methods. Plaxis 3D was used to simulate swellable soil's
volume change and obtain heave and uplift force data for GPA-reinforced swellable
soil at different GPA dimensions and numbers of piles. All results were processed
and analysed using Design-Expert software, which utilises response surface
methodology (RSM) for analysing the data, developing an empirical equation, and
validating the accuracy of the developed equation. The key steps to conduct this
study are summarised below:
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* Initial modelling, including finite element formulation, mesh generation,
selecting modelling method, and numerical model generation.

* Running the model to obtain heave and uplift force results for the GPA-
reinforced swellable soil.

» Develop the prediction equations after categorising the selected parameters
into dependent and independent variables

* Checking the accuracy of the developed equations

Results and discussion.

Numerical Modelling

The Finite Elements Method (FEM) was used by using PLAXIS 3D to model
the swelling of swellable soil through applying positive volumetric strain to the soil
model. The finite element equations for distortion theory, consolidation theory, and
seepage theory, that were essential during the modelling process, are well defined
and presented in PLAXIS Manual. Standard fixity is used to assume the boundary
conditions. Which means the horizontal and vertical displacements are both zero.

The essential components of Granular Pile Anchored foundation (GPA) are the
top foundation that connected to the underneath rod, then the rod that links the
foundation above the ground level with the bottom plate, the filling material around
the rod to increase the uplift resistance by the frictional resistance developing
between the coarse filling material and the surrounding clay. And lastly, the bottom
plate that works as platform for the whole foundation system. In this study, two rods
lengths were considered to evaluate the performance of GPA at different lengths.

The swellable and non- swellable soil (underneath the swellable soil) were
modelled using the Hardening Soil (HS) model and assumed to behave in
undrained conditions. Anchor plates, anchor rods, and shallow footing are made of
rigid steel, which is thought to be a linear elastic (LE) model. To prevent needless
buckling and deformation, it is believed that the anchor plate, anchor rod, and
footing have extremely high flexural stiffness. However, Mohr-Coulomb (MC) is
used to represent the granular pile (sand). It was thought to act in a depleted state.
Following several tests and sensitivity analysis using the hardening soil model,
the Mohr-Coulomb model was chosen. The best model for sand soil is the Mohr-
Coulomb model. Figure 1 displays the 3D-PLAXIS modeling of GPA in all of its
components.

The global medium option determines the number of triangular elements and
the average element size. To enable more precise stress distribution, the medium
setting is taken into consideration while creating the model's basic global finite
element mesh. A patching test and several experiments with the various medium
settings in 3D-PLAXIS were used to choose the medium mesh setting. For medium
mesh, the relative element size factor of 1 was selected.
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Figure 1. Components of GPA modelled by PLAXIS 3D

The swellable clay is subjected to a volume change of 6.6% in order to simulate
the expansion of the Swellable soil layer. Using the Oedometer test, the free
swelling test result for swellable soil yielded the same value.

The location of the moisture supply and the amount of overburden pressure
determine how quickly swellable clay would normally swell. However, in order
to reduce the complexity of the modelling process, the values of volumetric strain
and swelling index were applied for the whole layer of the swellable soil. In these
situations, the interface between the clay and sand layers at the GPA side will be
utilized since R, = 0.97. Likewise, finite element computations were used to
determine the heave, which was then referred to as the heave phase. At this stage,
the expanded clay cluster's positive volumetric strains become active.

The reference point for calculating heave is the top head of GPA in the center
of the model footing. When positive volumetric strains are applied to the swellable
clay without loading activation, GPA becomes lodged in the swellable clay layer
and experiences swelling. Because the base plate of GPA was modeled as a fixed
end, the volumetric change in swellable clay will cause the footing to raise, and the
heave will produce tension force in the anchor.

Running the Model

The actual finite element computations have been carried out following the
completion of the finite element modeling for the challenges that have been outlined.
For these kinds of issues, heave was determined by finite element computations
and referred to as Heave Phase. At this stage, the swellable clay cluster's positive
volumetric strains are activated.

Additionally, the reference point for calculating heave is the top head of the
GPA in the center of the footing model. Lastly, staged construction and plastic
computation were also chosen to determine the final heave in the chosen point (A).

The GPA undergoes uplift force at stage two and swelling at stage one when
implanted in an expanding layer of clay. The expanding clay's volumetric change
will cause the footing to rise, and the heave will provide tension force in the anchor.
The ultimate pull-out load resistance of GPA is determined by the anchor's tension
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value. By computing the stress in the anchor from the node-to-node anchor, the
pull-out force is determined at the reference point at the GPA head.

The modelling showed how the heave will create and produce uplift force when
the unsaturated soil begins to absorb water. The following relationship can be used
to determine the uplift force for any given GPA:

Where:

F =Net uplift force of GPA-reinforced soil

F = Uplift force in swellable soil without GPA
F = Resistance of uplift force by GPA

According to (Zhan, et al, 2004), the GPA becomes resistant to the uplift
force caused by the friction between the soil and the granular interface. The GPA
resistance increases with the size of the frictional resistance area. Additionally, the
GPA's overall resistance was influenced by the swellable soil's lateral expansion,
which placed lateral stresses on the GPA and raised its frictional resistance.

The uplift force results in Tables 1 and 2 show that as the GPA length and diameter
rose, the uplift forces and heave in GPA-reinforced soil reduced. The granular pile's
weight, the friction generated between the coarse filling material and the swellable
clay along the pile-soil interface, and the lateral heaving force developed by the
surrounding swellable clay, which cause lateral confinement to the GPA , were
some of the factors stated by (Alhani, et al, 2018; Sun, et al, 2008; Alhani, et al,
2021; Salas, et al, 2009; Nelson, et al, 2018) as the causes of this behavior.

However, because the GPA length piercing the non- swellable soil layer loses
the strength acquired by the lateral pressure of swellable soil, the rate of GPA
resistance to soil swelling reduced for the GPA lengths that exceeded the thickness
of the swellable layer.

Table 1. Summary of swelling and swelling pressure results with respect to length and diameter
of piles

Length (m) Diameter (m) Swelling (mm) Swelling Pressure (kN)
1 0.4 191 485.9

0.6 149 451.2

0.8 84 258.9

1 67 204.2
3 0.4 183 459

0.6 118 351.2

0.8 58 202.9

1 46 153.2
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5 0.4 175 413.8
0.6 92 286.8
0.8 44 156.1
1 30 94.5

7 0.4 173 371
0.6 73 2122
0.8 27 99.1
1 20 21.5

Table 2. Summary of swelling and swelling pressure results with respect to length and number
of piles for group pile configuration

Length (m) Number of Pile Swelling (mm) Swelling Pressure (kN)
3 2 135 557.60
3 114 380.90
5 94 274.80
5 2 60 261.10
3 41 178.00
5 33 89.40
7 2 60 191.30
3 33 103.20
5 22 86.00

Development of Equation

Prediction model was developed to predict the swelling and swelling pressure
by using regression analysis. A statistical tool named RSM (Response Surface
Methodology) was used for this purpose. The inputs used for the model are the
ratio between length and diameter of the pile, the number of piles, the ratio between
the length of pile and the height of swellable layer and the cross-sectional ratio.
The outputs should be the swelling (heave of soil) and the swelling pressure (uplift
pressure).

The assumption of linearity is checked using the relationship between the uplift
force's actual and expected values. The link between the linear model's actual and
anticipated values is shown in Figure 2. Because the values were evenly spread
around the fitted line, the findings demonstrated a very high degree of agreement
between the actual and anticipated values. Thus, the linearity assumption is
satisfied. As seen in Figure 3, there was a high correlation between the expected
and actual values of heave, and the linearity conditions were also satisfied.
The following is the expression for the uplift force prediction linear model:

F, L L
£ =0.62—+ 0.012N + 0.024, — 0.308 — 0.063 —
F, D H

g
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The linear model for the heave prediction is expressed as:

H L L
—£ =0.091 + 0.0255 —+ 0.0092N — 0.442— — 0.056A4
H H D

g

Where:

F . Ultimate swelling force for non-GPA-reinforced soil

F : Ultimate swelling force for GPA-reinforced soil,

H_: Ultimate swelling for non-GPA-reinforced soil

H: Ultimate swelling for GPA-reinforced soil

L: Pile length,

D: Pile diameter,

H: Thickness of swellable soil layer, and

A : Area ratio (which defined as the ratio of footing area to the cross-sectional
area of GPA).
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Figure 2. The relationship between the actual and the predicted values of swelling pressure
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Figure 3. The relationship between the actual and predicted values of soil swelling
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Validating the Accuracy of Equation

For the data analysis, linear regression was taken into consideration. The
following assumptions were examined in order to determine whether the linear
models were adequate:

* Linearity to examine the correlation between the response and the components,

» Normality assumption to verify that the data has a normal distribution,

* The distribution of the data around the zero was examined using the equal
variance assumption, and

* The autocorrelation between the independent and dependent variables was
confirmed using the independence assumption.

The distribution of the residual data was examined using the error distribution
of the residuals plot (normal probability). The difference between the actual and
anticipated values was used to calculate the residuals. The residuals' normal
distribution suggests that the model does a good job of fitting the data. The
distribution of residuals along the straight line indicates the presence of a normal
distribution. The residuals are not normally distributed, as evidenced by the other
distributions, which include S, left and right skews, and long and short tails.

In other words, the model is inappropriate for describing the relationship
between the causes and the responses; instead, nonlinear models should be changed
to get the typical relationship. As can be seen in Figure 4, the normalcy assumption
is satisfied because the residuals are distributed regularly along the linear straight.
However, because the linear model's assumptions were confirmed, as illustrated in
Figure 5, the linear model's effectiveness and capacity to forecast the Hp/Hs were
guaranteed.
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Figure 4. Regression analysis plot of swelling pressure
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Figure 5. Regression analysis plot of soil swelling
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Plotting the residuals against the anticipated values allowed for the investigation
of the homoscedasticity (equal variance) assumption for both dependent variables
(Fp/FS and Hp/Hs), as illustrated in Figures 6 and 7, respectively. The symmetrical
distribution of the expected values suggests that the linear model accurately

describes the facts.
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Figure 6. The predicted values versus the studentized residuals for swelling pressure values
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Figure 7. The predicted values versus the studentized residuals for soil swelling values

Around the regression line, the gap between the actual and anticipated values
are dispersed. Normality assumption was confirmed since the linear model was
found suitable for data fitting. Additionally, charting the anticipated values versus
the studentized residuals was very helpful for evaluating the assumption of
homoscedasticity.

Heteroscedasticity, or asymmetrical patterns, show that the studentized
residuals differ proportionately from the expected values. On the other hand,
homoscedasticity is satisfied when the pattern is symmetrical. This symmetry adds
more evidence that the data is well represented by the linear model. Additionally,
the symmetrical distribution and random dispersion of data points around zero
verify that the premise of equal variance is maintained.

Figure 8 demonstrates that the run number values were randomly distributed as
an examination of the assumption of independence, suggesting that the linear model
is appropriate for predicting the Fp/Fs. Furthermore, there is no autocorrelation
shown by the values assigned to the positive and negative sides. As a result, the
independence assumption is satisfied. Since it was demonstrated that there are no
autocorrelations between the values to forecast the Hp/HS, as illustrated in Figure 9,
similar behavior was recorded.
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Only the ranges of the variables listed allow the developed equation to be used.
Table 5 presents the variable ranges. Therefore, further study and investigation are
required to check the applicability of the developed equations for a broader range

of data.

Table 5. Variables limitation for the heave and uplift pressure equations

Variable Minimum Maximum
(L/D) Ratio 1.5 20

(L/H) Ratio 0.7 2

Pile Number, N 1 5

A 3 22

T
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Conclusions. The following conclusions were drawn from the obtained results

1. The granular pile anchor (GPA) is a cost-effective and efficient type of
foundations that mitigate swellable soil's heave and uplift forces

2. The results showed that the performance of GPA in decreasing the heave and
uplift force is highly affected by the diameter and length of GPA as well as the
number of piles. Larger diameter and longer GPA contribute to higher performance
of GPA

3. In certain cases where increasing the pile length and diameter is not possible,
using group GPA connected by top pile cup showed significant results in decreasing
the heave and uplift force of swellable soil

4. The predicted values heave and uplift force that obtained from developed
prediction equations were found reliable after comparing the predicted values with
those obtained from the numerical modelling.

5. The regression analysis performed to validate the accuracy of the predicted
values showed a high level of accuracy and proved the applicability of the developed
equations

6.1t was reported that the developed equations are not applicable for certain
GPAs due to some limitations related to GPA length, diameter, and number of piles
(for group GPA).
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