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ABSTRACT: Amethod to improve soft soil is to use embankments along with geo-synthetic
reinforcement on piles. This embankment system is called a piled embankment. The objective of this
system is to transfer a large part of the load to the piles through the embankment and the reinforcement.
Due to the soil arching in the embankment, part of the surcharge load (A) was directly transferred to
the piles, reducing the remaining surcharge load (B) applied to the reinforcement between the piles,
and if applicable: (C) the subsoil between the piles. One of the objectives of piled embankment design

regulations is that the reinforcement can transfer higher load to the piles with less settlement. In this  Keywords:

artlcle., 2D tests \yere performed using r.1g1d steel r0d§ as embankments with 2D behaylor. Then, 1o embankment

analytical calculations were performed, using the deflection of the reinforcement measured in the tests. - .
remfiorcemen

The test device was designed and made in such a way that can measure the values of A and B separately.
The effect of varying the embankment height and the number of reinforcing strands was studied. It was
shown increasing the height of the embankment by a factor four, resulted in the formation of a more
stable arch and an increased load accumulation near the piles, allowing the reinforcement to transfer
higher loads to the piles, up to 3.7 times a fixed settlement. Similarly, tripling the number of reinforcing
strands, while maintain a fixed settlement of the reinforcement, led to a 1.78 times increase in the

embankment height
distributed load

soil arching

maximum load transferred to the piles.

1- Introduction
One of the methods of improving soft soil is using a
geosynthetic-reinforced pile-supported embankment [1]. This
system consists of piles with a suitable arrangement, and then
placing a geosynthetic reinforcement on the piles, followed
by an embankment on the reinforcement. The purpose is to
reduce the load on the soft subsoil by transferring a large
part of the surcharge load and the soil weight to the piles.
The transfer of load towards the piles is relatively efficient
due to soil arching. Soil arching occurs when differential
movement develops. In geosynthetic-reinforced pile-
supported embankments, soil arching takes place when the
geosynthetic deflects in the area between the piles. Due to the
soil arching, a relatively large part of the load is transferred
towards the piles directly. This load part is called load part
A (Figure 1) [2]. The residual load part is exerted on the
geosynthetic reinforcement between the piles. Part of this
residual load is transferred via tension in the geosynthetic
reinforcement towards the piles, with this second load part
being B. If subsoil is present underneath the reinforcement,
this may carry a third part of the load, which is part C.
Also, the load transfer to the piles depends on the
geometry of the model; higher embankments and higher
coverage rate of the piles result in more effective arching.
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This effect has been widely studied. Applying a sufficiently
stiff reinforcement improves the soil arching, and in addition,
it helps transferring vertical load towards the piles. This
reduces the load exerted on the subsurface between the piles
[3-7].

2- Methodology

A two-dimensional test device was developed to
investigate which part of the load is transferred directly to the
piles by soil arching and which part of the load is transferred
to the piles via the reinforcement (Figure 2). The fact that
A and B can be measured separately makes the test device
different from several similar test set-ups such as those
presented by Jenck et al [8] and Rui et al [9].

For the two-dimensional experimental study, a mixture of
three types of steel rods was used as analogical soil. The steel
rods in the current test set-up had circular cross-sections with
diameters of 1.5 mm, 2.5 mm, and 4.0 mm. The rods had a
length of 100 mm and were mixed in an equal weight ratio of
1: 1: 1 and placed perpendicular to the two-dimensional plate.

A camera with a resolution of 24 megapixels (6000 x
4000) was positioned on a tripod approximately 1 m in
front of the test box. The movement of the soil and SPW
was tracked using one digital photograph every five seconds
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Fig. 1. Distribution of the surcharge load and soil
weight to the piles [2]
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Fig. 3. Distribution of the surcharge load and soil
weight on the reinforcement

and the digital Particle Image Velocimetry (PIV) technique.
The geometric strain of the geosynthetic reinforcement was
obtained from the reinforcement deformation between two
piles which was obtained using PIV.

3- Results and Discussion

In the higher embankment, the geometry of the arches
formed in the embankment changes less during the test.
And this causes the formation of more stable arches in
higher embankments. For high embankments (H/(s-a)>1),
the concentration of the surcharge load distribution and the
maximum changes of the reinforcement slope occur during
the increase of the tensile force in a part of the reinforcement
next to the beam. For embankments with low height (H/(s-a)
<1), during the increase of tensile force in the reinforcement,
the maximum changes of the slope of the reinforcement and
the concentration of load distribution occur at the position of
the center of the reinforcement (Figure 3).
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Fig. 2. Details of the test device
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Fig. 4. The effect of embankment height ratio and the
number of reinforcement filaments on Dmax/(s-a)

In the case where the concentration of tensile force is
higher in the part of the reinforcement near the pile (high
soil), with constant tensile strength, the reinforcement will
be able to reduce the average strain, decrease the settlement
(Figure 4) and increase in the slope of the deformation curve
next to the pile (Figure 5) will transfer more load (B) directly
to the pile.

4- Conclusions

By increasing the height of the embankment by 4 times,
the reinforcement can transfer higher load up to 3.7 times
to the piles with a fixed settlement. While by tripling the
number of reinforcing strands, for a fixed settlement of the
reinforcement, it can increase the maximum load transferred
to the piles by 1.78 times.
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Fig. 5. The effect of embankment height ratio and the
number of reinforcement filaments on the reinforce-
ment slope at the edge of the pile

References
[1]S.J.M. van Eekelen, J. Han, Geosynthetic-reinforced pile-
supported embankments: state of the art, Geosynthetics
International, 27(2) (2020) 112-141.
[2] S.J.M. van Eekelen and M.H. Brugman, Eds, Design
guideline basal reinforced piled embankments, (2016).

[3] M. Fakhrian Nejad, S.H. Lajevardi, S.J.M. van Eekelen,
A. Nayeri, Two-Dimensional Experimental and
Analytical Investigations of Load Distribution on Piled

Embankments, International Journal of Geosynthetics
and Ground Engineering, 8(6) (2022) 72.

[4] O.Jenck, D. Dias, R. Kastner, Discrete element modelling
of a granular platform supported by piles in soft soil—
Validation on a small scale model test and comparison
to a numerical analysis in a continuum, Computers and
Geotechnics, 36(6) (2009) 917-927.

[5] B. Le Hello, P. Villard, Embankments reinforced by piles
and geosynthetics—Numerical and experimental studies
dealing with the transfer of load on the soil embankment,
Engineering geology, 106(1-2) (2009) 78-91.

[6]R. Rui, Y.-q. Ye, J. Han, Y.-x. Zhai, Y. Wan, C. Chen,
L. Zhang, Two-dimensional soil arching evolution in
geosynthetic-reinforced pile-supported embankments
over voids, Geotextiles and Geomembranes, 50(1)
(2022) 82-98.

[7]1 C. Yun-Min, C. Wei-Ping, C. Ren-Peng, An experimental
investigation of soil arching within basal reinforced
and unreinforced piled embankments, Geotextiles and
Geomembranes, 26(2) (2008) 164-174.

[8] O. Jenck, D. Dias, R. Kastner, Soft ground improvement
by wvertical rigid piles two-dimensional physical
modelling and comparison with current design methods,
Soils and Foundations, 45(6) (2005) 15-30.

[9JR. Rui, J. Han, S.J.M. van Eekelen, Y. Wan,
Experimental investigation of soil-arching development
in unreinforced and geosynthetic-reinforced pile-
supported embankments, Journal of Geotechnical and
Geoenvironmental Engineering, 145(1) (2019) 04018103

HOW TO CITE THIS ARTICLE

Civil Eng., 56(1) (2024) 7-10.

DOI: 10.22060/ceej.2024.21779.7823

M. Fakhrian nejad, S. H. Lajevardi, S. J. M. van Eekelen , A. Nayeri, Two-dimensional experi-
mental and analytical study of reinforcement behavior in piled embankments , Amirkabir J.







785 500 ()] yo (o kien & i

DOI: 10.22060/ceej.2024.21779.7823

\d)ﬁ.} u»)i cvdlﬁi\ 09 'r°|'u'? Ol59‘” f\d.\)}?\( Saos> Juw ‘\31}‘5 Ol dasco

ol ST oDl 3131 olKutls «cSTy) sy ol yas rdido 05,8 =)
Al ey cu»)lﬂ.) dl.m.abo M;o ‘Mﬁ) uw.L.Q(o 59; -y

1891 au )b

VE NV SIVY redl
VYN 16,5550
ARAARIAV RIS
VNN IV e ST )

1605 Clols
gy (Sie S
01228 o

gl go L2l oaed 9y o (St oaiSgrbuns olyan 4y 2S5 jloslical p S (gjluge ot Sl (S rnoMS
9 2B Gkl baed 4 puin )b JWSI s (ol (b 5l Ban 2l pU ged (e 1 SB s (A8l
Jie ngedds Coow 4 akians jobo 40 (A),byw 51 owd o,S15 1> (535 pwod osody oS5 > 4y by o 08 prkune
Calaal )I Ls'i’ )J;&o Ltbém:: O DJM{C.LM <9y ¥ X W) Jl.«sl (B) olils u_'il.» )Lv).w Cromd u».mlf u.cl.» «§ .)9.\»&0
ol 2 A8 Jaie bnrosd 40 1y 6yt )l g y26S Connatd b 008 pebiane 45" Cansl ()] e 1 (Sio 30,1 STl clavdali oy
5 (Sl o D9 oo ol (52 93 )18y L 2 S lsie 2 (318 o (slaalio Sl o0latal b (sangd (slasiolejl la) dlis
Colosd 4l g >yl cleieS 4 olojl 6w 95 o plol Los (clidwlote das yiale s 5l ol Cnndy 008 pelune JSCi
i oaiS pxbune (clavaid y 3lass g 5 ,S1 £l ) ol pusiio (59 U w2 D945 ol 3 B g A polie il (¢ S0l Sl 4

26 gl
b sy 08 e ddzods (935 1 Jbxje ezd Linlial o 5ylul wed LSis o 4 3,81 gl gyl ¥ iolj8l b sl
&
S sy ol b ol dw b as” b 0 S e vgeus 43 1y (6 s jb plp YV 33810 U ol cands SO b canl 28
A ol 38l ) Lygeuds 4y 0 Jatie Jb ol VYA jiSTus 55y daled 1018 oS pxdue ol s S (g3l &y 008 rlunns
Dedie @iy baed On (Selpwg) oS mlus (59) odile S L doddo -

loged Coowr & oA e (IS bawgi 0lilo Bl b cnl 5l (i
ooy @A s 325 551 395 0 0300l Bl izl 0900 Jitie
C )b cond o) 08 oo 1y B jlido 5| owd cily azily 3939 S
s S oS 1830 @)y tng dlio oyl Jlo el b 9550 0300
(=D US) 8 laiad o € s )b e 3l (lsise &5 ol 5 5]
ed gaw Sl b @i kel Jele S0 ((S350098

b 93 dged Vb g o RSB obols OS] ASL .
Ol 9 WS (oo Caoglin 2 SB S Bl 3 oS WS 0 Jlb o S
sm3e Gl logads 59y )b 35 05 5 SB > wgd JSUis ail b
laciond 4 )by @595 9 (S0 SIS g (i Jelgs [V )]
ol 03,51t g dwsin Jold  Jelge .ol 138,56 (4,B,(C

SKlesl dua‘) wl)ﬁl [\] Ml) ).:94 )L JLS..J‘ » J.JJ‘?J‘_;O (W) .))‘9

ouiS s Sy il olil pp S ey byl S
loged Sl plug ool [N] cosl godd 4 (S S 5 (Siiowst]
S 5 baed 55y euiSmlus 315 J18 g ccalio plodr b
o)l sl ialS Bum a5 (V-ASE) 950 2] oaiSdue 59,
@ 258 s 5 ok 3l ok o JB bey g pp S 4
52508 oy eSS i 4 e s 4y )l Jil el oot
2 Cniid BB a8 128l o 3l SBg (535 y0s8 0uy Wb o a8l
Py @b g (Sto 251 g (Seliipwg] oM e 3 A2 ) 2 S
S5 s oo (s 0394500 53 S5 4 Wl oo BT (S3j 093
s ol & b 51 (SR SR (53) g8 oy eSS > 4 fam
ok (V] 29550 03106 A )l (150 ol 29 o0 Jiie rged B 4,

Soil arching 1

Sh.lajevardi@iau.ac.ir :olslse Jsosge oding ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

Yy



O BYY dxbo NF-Y JL.: A b)‘.o.w HF 0)9 ‘)....S)...a‘ uljo.c (swNRR 4;).“.;

(@)

(b)

Cows & pordanns 1A (3258 (359 9 )0 82595 (D) god 2 (Sho 256 51 il Lo 3 0592 digei (2) gowd 1 (o 52,56 ) UKD
SB (59) 4B (53] w9d) b gowd

Fig. 1. pile embankment (a) Sample of a pile embankment project under construction (b) Distribution of
the surcharge load and soil weight to the piles
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Fig. 2. the test device (a) the placement of A and B load cells in the beam (b) details of the test device (c) test zone
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Fig. 6. Testing process (a)The trapdoors prevent deflection of the reinforcement (b)Lowering the middle
trapdoor (c)Placing a rigid plate and applying loads to it
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Fig. 7. Changes of the the reinforcement shape and length between two beams
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Fig. 8. Deflection filaments between two beams (a)Position of beams (b)Position the center and the edge (x-z)
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Fig. 9. Details of filament deflection
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Fig. 10. Three types of load distribution on the reinforcement (a)Triangle (according to EBGEO 2010) (b)
Equally distributed (according to BS8006) (c)Inversed triangle (suggest by Van Eekelen 2012) [19]
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Fig. 11. Arc representation formed using the PIV technique for Test No. 4 at the moment just before rup-
ture of the reinforcement

R/ Jaso N sy /N0 T /T, = uliél b H/(5-a) = <10 > .l 0
Lop3 Y 5 VY dgds iy 4 esland) VO 5 0 saSales sln R,
e plals

ol pogMle @iipe SlojSB )3 &5 €85 o Glgie cnlple
il dilgs (68 il Sialejl e 53 35 jellicte (slapugd glad
soee glwly )3 S5 glad b odlin] sl pdn ©ygo 4 by g 4,
P RSl Gl g 09wl X jgome shily 3 Sas8 gled 9 Z
slagwgd g WS bais 1) 098 JSS Al (o0 Lo pwsd adiye slap S
Wb dmled [ 655 lnb

oS e JSUb 035 3905 o Ol s =Y ¥
Ol 4 bgrye o Sy 5 oS JS juais jlag00 WSS 3
3oy3 00 o8 o 3) Vg I8 ply T/T, |y osiSeus Joo
Dyden 03l LS (398 Jld 0aiS e (S Cudils w03 Vet
3 ye Jomo > H/(5-a) =10 ¢V (slp 0diS prhase o &y yiSlas
Sl H/(s-a) =10 gy oS a8l o slas] (X=+ mm) oaiS peluce
o lewya TyT =105\ > (d2/dX7), ) cus yuis s
Camd (§0u0)d B+ o381 L .50 (6 S 03Il +/«+ AR g /< \VY a4
i ST e a5 (WY-C,d JS5) 345 o0 osmliie V &y /0 I glis)]
25U 5 e Slyss Jolas jlade g il 08 e 3950 55

s Sl Jlde (H/(s-a)=1) sy b e Hol38l (X=) e+ mm)

ye

R/ 3y )51 cglis) 93 cnl (61y) A5 (603l VAR § VA o5
256 el el b oS by f(amd e lis Giubell oy 0 ) R,
b3 b wgd g 09 nlos o T/T, sde Jl B LR /R, lie
VR R /R, cons pSlis g Jils uds 850 S35 0l 4 )l
ey & d/(s-a) = <10 3 g VSN g VXY e 4 H/(s-a) =
95 gy R /R, el s 93 50 15 a5) W50 (6,5 o3l01V /YD 5 + /5
(o lis 295 51,
Cudyls & oS (b S35 > 3 300 (U VY-C S
OialS 55 R, e Wi, sl Ll L (T/T, V) 395 i
sl ) V0 ¢ 0 3aS prhune 3 H/(S-0) =V (glp il salgd ¢ i
Lo YA 9 dgds iy 4 Ry ke NGNS T /T - alidl b
wazs H/(s-a) = 10 gy R, Jaie > sl ) b e ials
T/ Sl b (lasy V0 o 0 buiSadus (sl a5 (5)0b 4y b algs
b pialS 1oAY 5 W g 4 R, ke N 4 VO GIT
el ST el 008 s (el I3l 45 a3 oo L VY-d IS
R/ 55 Sslise 3B oomby g5yl b slape S & o YU glis) L
s 018 e (slats ) Sl I3l i po sy S gl 5,5 R,
b Gl R /R, aie T/T  alil g bl e 53 45 3900
Sy R/R, Jsio \ & +I¥0 ) T/T, sl b H/(s-a) = Y

Ol Loy WW/D 9 ) dads iy 4 qsldndy VO 9 O BaS e



RaRb

B BYY axio NF-Y Jl.w A D)Louf: HF 0,93 «)...S)ml ul)o.c L;“’A‘-@(" AA)AMJ

2.5
2.0 . . N
15 \.\.
1.0
0.5 - H/(s-a)=0.5 —a— Hi(s-a)=1
—— Hi(s-a)=1.5 Hi(s-a)=2
-------- Circle
0.0 . : . .
0 0.25 0.5 0.75 1
T0/Tmax
(a)
100 -
R Pl
- - .
TR Rk < BN
75 el ) o
Tt
50
25 1 Filaments : e
H/(s-a)=0.5: 5 —8—10 ——1
H/(s-ayF2: 5 -—-o---10 ---&--- 15
0 . . : |
0 0.25 0.5 0.75 1
T0/Tmax

(©

100 -
75
H
= 50 -
=
Hi(s-a)=0.5
25 1 —a— Hi(s-a)=1
—a+—H/(s-a)=15
Hi(s-a)=2
0 T T T )
0 0.25 0.5 0.75 1
T0/Tmax
(b)
2.5
JRNSUSPPRESELE A
2 R b ML b
% 1.5
4
1 -
Filaments :
0.5 1 Hi(s-a)=05: 5 —e— 10 —a— 15
H/(s-aF2: 5 ---o---10 ---v--- 15
|] T T T 1
0 0.25 0.5 0.75
T0/Tmax
(d

W )l i ,ili(b) (f;—\ sl Rb 4 SRSB W) Comnd i li(a) Q&’”Lo)‘jd,pjb (Rb),Ra/Bb)) ol gy Y S5
Cands 9 Batdy 31w 5 T(d) (A -Fg) glosinlo;) Rb 1 £li5 )l Comnd 5 4idy 3lini ,iG(e) (F - sl sisloj)) Ra/Rb y g0 516
(A-¥5) b iub;l) Ra/Rb p glis,l
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Fig. 16. The effect of the number of filaments of reinforcement and embankment height ratio on the load
distribution on the reinforcement (2)T /Tmax=0.5 (b) T /Tmax=1 (Tests 1and 4 — 8)
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Fig. 20. The effect of the number of reinforcement filaments and embankment height ratio on "B" while in-
creasing the tensile force (Tests 1 and 4 - 8)
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Fig. 21. Strain distribution along the reinforcement while increasing the tensile force in a 15- filament reinforce-
ment (a)H/(s-a) =0.5 (b)H/(s-a) =2(Tests 1-4)
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Fig. 25. The effect of embankment height ratio and the number of reinforcement filaments on the reinforc-
ment slope at the edge of the beam during the test (a) The effect of embankment height ratio (Tests 1 - 4) (b)
The effect of embankment height ratio and the number of reinforcement filaments (Test 1 and 4 — 8)
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Fig. 26. The effect of embankment height ratio and the number of reinforcement filaments

on B-|Tanq | (Tests 1 and 4 - 8)
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