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ABSTRACT: In offshore dynamic compaction, the water effect on the deterioration of the pounder
impact velocity on seabed and the crater depth formed in the soil is always a major challenge. In this
paper, the water entry problem of lattice pounders of 9, 16, and 25 holes, with 3x3, 4x4, and 5x5 matrix
arrangements respectively, the effect of the number, dimensions and arrangement of the pounder holes,
on the impact velocity with simulated soil of the seabed and the crater depth formed in it was studied
experimentally. The results showed that the impact velocity of the lattice pounders depends on the holes

area, and the crater depth formed in the soil, the amount of energy transferred from the pounder to the  Keywords:

soil and the improvement radius and depth of soil depend on the area of the pounder’s lattice web. e o dynamic compaction

Therefore, in dynamic compaction of the seabed, increasing the pounder weight without reticulating

it cannot considered as a suitable solution to increase the impact velocity on seabed and the effective
factor on soil settlement and compaction. Also increasing the pounder weight and its drop height over
the optimum drop height lead to increasing the operating costs, and it requires the use of large barges and

Lattice pounder
Velocity deterioration

Holes arrangement

long cranes with a high load capacity.

Crater depth.

1. INTRODUCTION

The first application of soil improvement on the seabed
goes back to the 1970. Louis Menard carried out the first
offshore dynamic compaction project in 1973 as part of the
construction of Brest naval Port’s prefabricated dry dock in
France [1]. In this project a specially designed 11 ton pounder
was used to compact about 3 m of loose alluvium seabed
over an area of 4,500 m? [25-]. In 1975, offshore dynamic
compaction was used at Pointe Noire in Gabon to improve
the passive resistance of loose sand in front of a cellular sheet
piled wall. The specially designed pounder used in this project
weighed 12 tons. Prior to ground improvement a 0.4 m thick
blanket of gravelly sand was placed over the seabed, located
13.5 m below sea level. Generally, in this 14,000 m? project
two phases of dynamic compaction with compaction energy
intensity of 240 tm/m?* were applied to provide an allowable
bearing capacity of 400 kPa. In 1975, at Udevalla, Sweden,
offshore dynamic was applied for the treatment of a granite
rock fill that was placed below the prefabricated caissons. The
rock size was up to 1 m in diameter, the top of the fill was 12
m below sea level, and its thickness was variable from 17 to 20
m. Due to the size of the rock fill, dynamic compaction was
performed by using a 40 ton pounder that was dropped from
40 m using the Menard’s Mega Machine [6]. In 1977, a 32 tons
pounder was used to compact a 5 m thick layer of silty sand
and a 1.5 to 2 m thick rock fill blanket at the depth of 10 m
*Corresponding author’s email: atrechian@jiauz.ac.ir

below seawater level to mitigate the risk of liquefaction of a
breakwater foundation at Kuwait Naval Base. Marine ground
improvement was carried out over an area of approximately
36,000 m? [5,7]. In 1977, offshore dynamic compaction was
applied for the treatment of seabed at Sfax Fishing Quay in
Tunisia. In this project water depth was 1 m, and the seabed
was composed of 5 m of very soft clay followed by 2 m of silty
sand and 3 m of denser clayey sand, and firm clay. Dynamic
compaction was performed using a 17 ton pounder with a
square grid spacing of 2 m. Compaction was carried out in 3
to 5 phases with 2 to 10 blows per print [5,8]. In 1979, dynamic
compaction was carried over an area of 13800 m?” prior to
placement of the prefabricated sections of a dry dock in Lagos
Pier in Nigeria. Initially, the seabed was excavated to -15 m
RL (reduced level), and backfilled with 1 m of rock fill. Soil
improvement was carried out using a 40 ton pounder with the
intention of treating 15 m of soil. Up to 5 passes of dynamic
compaction were applied in some locations [5]. In 1980, a
desalination plant was assembled in Japan, towed to Yanbu
in Saudi Arabia, and sunk on a seabed foundation prepared
by dynamic compaction. The seabed was composed of 8 m of
loose silty sand, with the upper 4 m being very heterogeneous.
Hence, the top 4 m of seabed was removed, and replaced by
crushed coral, and dynamic compaction was applied using a
17 ton pounder that was dropped on a square grid with 8 m
spacing. The number of blows per print in the compaction
phases varied from 12 to 10. In 2010, dynamic compaction
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Fig 1. Saturated soil and water height above it

16 Holes 25 Holes

Fig 2. Lattice pounders with matrix arrangement

was used to improve the seabed soil in Southeast Asia. A
lattice pounder with a base size of 1.7x1.7 m and weighing
38.5 tons was fabricated. The special shape of this pounder
allowed minimum water resistance during the pounder’s drop
and penetration in the seawater. The drop height during the
trial was set to 5 m above seabed level. Records of the crane’s
winch speed during the works indicate that the maximum
drop speeds were in the range of 430 m/min. This speed is
equivalent to a free fall with a drop height of 2.6 m (in air)
and verifies the original assumption that much of the drops’
kinematic energies would have been lost to water resistance.
In the implemented researches, in order to reduce the effect
of water on the depreciation of pounder collision velocity
with the seabed, the lattice pounder have been used, but
the number and dimensions of holes and their area, which
must be proportional to the size and area of pounder and its
lattice web, are less studied. In this paper, the arrival of lattice
pounders with 9, 16 and 25 holes with a matrix arrangement
3x3, 4x4 and 5x5 in water and the effect of the number,
dimensions and arrangement of the pounder holes on the
collision velocity with of the seabed simulated soil and the
depth of the created hole in it are studied experimentally.
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2. MATERIALS AND METHODS

Asshownin Fig 1, a cube-shaped test tank with dimensions
of 100x100x80 cm is designed so that the effect of the walls
on results is negligible. The side walls and floor of the tank
are made of a 2 mm double-side welded steel plate and the
forehead is made of 10 mm glass. In order to ensure that there
is no leakage of water outside the tank, the welding spots of
the steel plates and the bonding of the glass is adequately
covered with sealing glue, and on the left side of the tank,
there is a valve for emptying the water inside the tank when
necessary. In order to absorb the waves due to the collision
of pounder with the soil surface by tank walls, and its failure
to return it to the computational domain after collision with
side boundaries, the tank walls are covered with polystyrene
sheets with thickness of 2 cm. Then the appropriate amount
of poor-grained silty sand prepared from the Caspian seabed
in Anzali port in north of Iran, so that its specifications are
shown in Table 1. The soil test is poured in the test tank and
will be compacted until it reaches a thickness of 30 cm and
the density 40%. Because the seabed due to sedimentation
and consolidation of sediments by waves and long-term
loading caused by the weight of the water on it has relative
density. Then the test tank will be slowly filled with water up
to 40 cm above the soil surface, so that the initial soil density
does not change. After that, the lattice pounders are released
from a height of 1 m above the free water surface and their
movement in the water depth from the instant of contact with
the free water surface until the moment of contact with the
soil surface is recorded by the high-speed camera. After the
collision of pounder with the soil surface, the crater depth
formed after each impact is measured.

In Fig 2, the geometric shape of the pounders is shown.
As can be seen, three types of lattice pounders with variable
number of holes including 9, 16 and 25 holes are arranged
in a matrix arrangement of, 3x3, 4x4 and 5x5 respectively
for dynamic compaction of simulated soil from seabed in a
laboratory environment. Pounder’s weight is considered to be
3.85 kg. The experimental observations include the pounder’s
movement in water depth and the collision with the soil
surface of the model bed, which creates a crater in it. The
pounder’s release position is adjusted so that it impacts the
soil in a specific point after each release. After each impact,
the amount of penetration of the pounder in the soil, and in
other word the crater depth is measured and recorded. The
dynamic compaction operation continues until the pounder
penetration in the soil stops, and after the crater depth did
not change significantly due to the collision, the amount of
soil settlement in that area is measured. Then, the effect of
repeated pounder blows on the compaction of the colored
layers of the soil and the reduction of the thickness of each
layer is investigated then the depth of soil improvement
is determined by the impact of the blows. The geometric
characteristics of the lattice pounders are in Table 2.

3. RESULTS AND DISCUSSION

Fig 3 shows the effect of holes number and arrangement
of the lattice pounders on crater depth after each impact. As
can be seen, the 25 holes lattice pounder which has a more
web area than other lattice pounders, lead to create a highest
crater depth in the soil depth after each impact. In contrast,
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Table 1. Geotechnical properties of Anzali sand

G, €max €min Ydpmin Ydpax C. Cu Dinax Dso USCS
(kN/m?) | (kKN/m?) (mm) (mm)
2.67 0.71 0.57 15.6 16.9 1.2 24 1.18 0.21 SP-SM
Table 2. Geometric properties of lattice pounders
Number Holes Pounder Hole Wall Holes | Holes | Lattice | Wall | Moment
of holes | arrangement | dimensions | dimensions | thickness | spacing | area web area of
(cm) (cm) (cm) (cm) (cm?) area of inertia
(cm?) | holes (cm?)
(cm?)
9 3x3 10x10x22.5 2.83 0.25 0.5 7525 | 24.75 2295 19
16 4x4 10x10x16.5 2 0.25 0.5 64 36 2112 24
25 5x5 10x10x14.5 1.5 0.25 0.5 56.25 | 43.75 2175 29.16
9 : : designing the lattice pounders for the dynamic compaction of
‘A/‘ the seabed, the number, dimensions and area of holes in lattice
8 ' E pounders should be proportionate with their dimensions
7 /‘/,-/. and lattice web area. So that in addition to having the least
— / /./ velocity depreciation while moving in the water depth and
§ 6 f ’ o S reaching the highest velocity at the moment of collision with
£ s A//./ /./k—‘ the seabed, and lead to a maximum improvement radius and
2 ./ / depth of soil.
i g 4. CONCLUSIONS
© 3 In this paper, the water entry problem of lattice pounders
) —e—9 Holes with 9, 16 and 25 holes and matrix arrangement of 3x3, 4x4
—8— 16 Holes and 5x5 respectively was simulated experimentally, and the
1 effect of the number, dimensions and arrangement of the
—4—25 Holes pounder holes on the impact velocity with seabed and also the
0 0 | ) 3 4 5 p crater depth formed in soil were studied. The results showed

Number of Impact

Fig 3. The effect of holes number and arrangement of the lattice
pounders on crater depth after each impact

the 9 holes lattice pounder which has minimum web area
creates a lowest crater depth in the soil after each impact.
Therefore, it can be concluded that the impact velocity of the
lattice pounders depends on their holes area, and the crater
depth formed in the soil, amount of energy transferred from
pounder to the soil and its improvement radius and depth
depends on the web area of lattice pounders. Hence, with
increasing the pounder’s holes area, the pounder’s velocity
depreciation will decrease while moving in the water depth
and as a result, the pounder impacts the seabed with high
velocity. On the other hand, increasing the web area of lattice
pounders leads to transferring the more energy from pounder
to the soil and increasing its improvement radius and depth.
As a result, the amount of pounder penetration in the soil
will be increased and creates a deeper cavity. Therefore, in

that impact velocity of the lattice pounders depends on the
area of the holes, and crater depth formed in the soil, amount
of energy transferred from the pounder to the soil and also
its improvement radius and depth depend on the web area
of the lattice pounders. Hence, the larger the pounders holes
and their area would be, the deterioration of the pounder’s
velocity decreases while moving in the depths of the water,
and the pounder will impact the surface of the seabed faster,
And the larger the web area of the lattice pounders would be,
the penetration amount in the soil is greater and the cavity is
deeper.
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Gs Cmax Cmin Ydmin Ydmax Cc Cu Dmax D-. USCS
(KN/m") | (kN/m") (mm) (mm)
Yy AR I A4 \#/4 VY Y/¥ ATAVA gAR SP-SM

of 695 T gl 5 gLl S ¥ S
Fig. 2.Saturated soil and water height on it

odd (3o 4 S L 0y93 p Ce s S o Flyg ol
Pislesl &0 4 T 0 ead bl oji> Gas g byd yw |

055 (o0 B oy 0590

b b9, 9 gdlae -Y
slal b g e US54 inles] OB oS5 ) S ollae
Lo oz 5148 el o oo (6 ok e giles Vo o)+ oxAe
S5 g 31 KB S 5 b sla o 02b 5l s
Veoased 5l ol ol Sl g abbes ) Sisr b g% o ¥
a0 ] s poe ) limabl gz sl o0d S5 (6 ke e
Loy LT 4y ateds Jlasl g s0¥s sl (359 () Sigzr Jomo oSS
Wm)bjow@ob‘owywu)ﬁbﬁéuu]w
4t x50 Ble 0 S ()0 o Al gz b Sy WSS
S maw b aygS 5,55 1 5l o5 zlgel Gax jolate 4y .ol onls
S Sl aials a5 T caF 5l pas § OB sl o jlox Loy

Gys b1y e b Bl (gl ola 08 )b (sl 0 4 9,55

Yayo

Fig. 1.Test tank

oS Yoo &S 059 n Lailgs 5 05 JSwlskS YYY (g3lee 5
S (VW) e 5 o VY] wis el 1) el SIS
Slsy Jeily 5 (Seals o515 510550 )0 (69,90 anlllas
aY 5 Sy, Ll a5 sls oLt mls wis S &l S
Rl (Sealins (515 Lawgs Wlgs oo 00l (3l (30 S
ST i als jelaie 4y wond all slo agn o 1Y) ol
Seee sle g8 51 L0 jao b arsS 8,95 5 Ce o Sl
Ll &S Ll colas g Lo Elysw olul g slasy Lol scl ooy ool
390 yieS il o] Setie Gl g 418 Crluns g olal b sl
b sk Wb (Jolal b slo g8 15 ol 48 5 )15 ags,
P )3 oy Sl (oS 1 (610,95 5 2 ogdle a5 038
3555y abamd 0 e s o o 4 oliws 5 Ol Ges 0 2S5 >
0,0 Gos Sbml b g anils Sy Joud LB Sk Lyo i b
L)s st S 05e Gos 5 glad JiShao ey e (o] 5 enli
b s YO 5 V5 & St slo assS 5559 allin ol 45 00,5



VAYY B VAYY oo VYA Lo A ojloud Y 09 ¢S juol ylpas wdige &y il

100 100

90 d 20 k
/ /
80 f 80 /
2 70 f 2, 70 / rl
3 ® / 3 e iV
3.; 50 f ‘:'h‘ 50 r" r‘j
3 40 I :_? 40
= 3 = 30
20 20 I!
10 I 10 /}
rd /
0 o &

0.01 0.1 1 10 0.01 0.1 1 10
{mm) <33 o31aif (mm) o4 o3t

®) @

S 5y dule diges (g 4ils asLis (D) g @395 aiwls (@) S
Fig. 3. (a) Amplitude distribution and (b) aggregation index for Anzali Port sand samples

B9l g0 00ld yilg e glw O Cwlbs 4y g pliul L
WLl Y aule )l caslie polie ¥ SG Bilae e
Slasin g and (Jyl jan 50 555 Lo e jlas oad gan &l
Gy il Vo Y s jo sl sad eols Glas ) Jeaz o ]
Yo Cwlbs 4 b ogh oo 0dugS g aBy, Lialesl U U3 5o
JIs @ by iy S Ly oy AF e oS15 a4z s g e il

Gae SYsb I8 L g zge Sl j0 Slgw, 0S8 5 (6,105,

Magn Dol WD Exp
Tox  SE 315 Ao

S s el 155 51 (i 05155 50T (55, 2T 39 31 (22U I s il digad 3l (5 9umg Sre g i JSi

DTl )] & S el VL e il Fo glis,| b les] Fig. 4.Microscopic image of Anzali Port sand sample
O3l ot 90,55 5 Gagoiws S adsl o515 b 0gd (0
Sl ol gl @Y g0 (silo 00 gl 5| St (slo a8
i 31 o Bag 55 T S5 o e 5.33,5 on b, 55
290 Lanogi S el L 0,55y alaod 1 O ol elans L 9,55

Boe S mhaw b asS 0,05y 5l ey 00,5 (o0 Cud Ly Elus 16 Elus 9
4x4 1 ou 3x3 1oil

09 (g0 S S ol dpd o ilam (] ) euds sl o ja
G Al Ll g e aels o F Y gla IS (o
ol oo o0ls ylid ) 095y S pgeal g (I3l o dle diges
odls oals Hlis jeSde slo S pwais SO D S o
olasi b Sciio 4395 £93 dw 00,5 o alaxde a5 job ylon el
tle Gl i @ glsw YO 5 V7 A it slo &g
e gilw ans S (Swelos o515 sl Ox0 5 FxF XY

b asS glay)l .l ool aisle aBalesl by, 4 byo ot 5o Gty b Saihen (sl g 20 JSC
s, 5w adlas 4 axg b aS canload a3 3 la5 0 59k Fig. 5.Lattice pounders with matrix arrangement

14y



VAYY B AAYY doxio AYAR Jlo A 0yl DY 095 ¢3S ol () yo (suobies 4yl

Sio b S wuaid lasuin Y Jouo
Table 2.Geometric properties of lattice pounders

olee cole | ol colus | colis | pmalol | cobs | ol | bem ol | o)l | sl
== o)lg2s WS St | aghsw | baglew | gl @S Eho | s
ozl g
cm®) cm") cm’) | (cm) cm) | (cm) (cm)
cm")
Va4 YYao YE/VO YOI .10 JYO | YAY | VeXVeXYY | YXY | A
vf YAVY s sf .10 YO Yool veXyexven | EXF | Vs
Ya/\ ¢ YIYO FYIVO BFIYO 10 YO | VD | VeXVeXVED | axe | Yo
Dmu;dﬂ;-‘l_)ﬂ
L
« |
Vv
AR g 33 (o 390 =
T
]
7
. 7

Ol lo 3T Ol s 31 S louls 9 guad ¥ s
Fig. 7.Schematic image of the test equipment

&L@}T&JUMJB-@QMQO)P);MUQT&«C)OJP
alols 30 Sy gy 6)“))1’["1'.?5@'.’)5‘3 QJ.SGAJ)S oolawl Sy90
Jé old s cll> g ad 5 )18 SSU gl a0 o 5l cenlio
@ ey 3 S B Of oM (o By I ey 005 (e
Gy il O gla )]y aS oaisS by ) a0 5l eSSl Sl
bgin ail e yao adgl e byls 13 DT oll mlans (VL
5,555 P 5o S bzl ol bgis alaly ik asled (o0
St Sl 9,55 U ol Gos 3 o5 > 5 O S5l a4y asS
o 9905 0 bad )l ol (90 bag (talejl Sib
JEie JomelS @ (3ilo Sz oad Ll pglai ialesl ples!
2 S $lo asS CS 4 bgipe Sl G 205 (o0
oas angs alSlos pglal &g 4 wiliie slo ploj 4o Ol Goe

ary

sy (5910 proded (90 :F JS
Fig. 6. High-speed camera

Slastin sl ails 0 5ol S YAD L ply LSS (59 «asgS y2
Slaslie a0V Jou Blae Sl slo a5 cpl gwrin
S s b, 5 ol ae 2 55 <5 ol alKuloj]
Sasb 455 o by Jome el (] o 0y olml 5 ooy
At 40 Sy 50 (ot 1 )l o 5l ey 55 45T 358 (o0 e
S 50 dsS 3985 Jlade cyiogS 12 5l o uled 0)lg 4y 5 S5 )
St Dbt 35,5 o o 5 65 ol 0, e e 4 5
o,i> Gas 4S5 1 5 g ol (oo anlol S5 jo aygS 3485 aBgs
3 S canis lade cllad (6 Koz s @igS 0,95 5 51 o
Dgd oo 55 ojlail Al ]
£5 ) o Sonpkd oass St & USE 3l
YeYFXIVA- P Cﬁ.«oﬁjd.ula).vp_v)s ARYAR LjChrOHOS 14

5ol 4 St sl 455 89,5 5l Jolo pglal 4 Cuz JoSy



VAYY B VAYY oo VYA Lo A ojloud Y 09 ¢S juol ylpas wdige &y il

50 ms

(Fx¥) &1y9u V7 (Fx¥) 215943

(BxB) &159% YO

75 ms 100 ms 125 ms

SB o b LT 0,95 p alizd g O 49 Soiin 5o 4395 9959 Aluns (B Lo3T Wlanlive A S5

Fig. 8. Experimental observations on water entry of lattice pounders and impact on soil surface

D58 o0 )18 Sl g Eon 990
oals las ui'...,"Laﬂ Sl 5l Sleds paad ¥ IS 0
5 00S o,y dou 0« Siiiio 4565 ‘&.\.".Lo)’] Sob Jolis a5 conl o0

S| A_A.C-)M)) )99

S g s -Y
Seia (sl 255 39,5 s alKtloj] Slanlie A UK 5
XY g Lo )Tl i 5 ) 5 YO 5 Fligm VP gm0 4
o B, 5l ey ST e b LT o 95 alaed 5 T 4y OXO 4 FxF
ol 0 o0l lis O oljT las (YL (650 Sl O+ glas |
St 455wl slo Gloj )3 035 (o0 alixdle o ok (len
slo asS plo @ Cund (5 Eligw Colus a5 g 8

astine Hley G o | ol 3 ki Bes el lo, 05 1 Siiio

9 T '
8 e
. ! —‘_.
7 ,A L.
; s i Iy
x‘3) K.,I‘:" ,o‘o"' >
g\ 5 i s
a [ N
3 4 Foogee-
ol
O 2 cocee tl)ﬁ“"\
| e AT
— A= Y0
0 T T

0 1 2 3 4 5 6
Ly 0 )Lmi)
T 3385 Bos 1 Sdn 495 5 &ly9m0 el 3 Sl 5 A S
Wy 5l SB 0
Fig. 9.The effect of holes number and arrangement of lat-
tice pounders on crater depth after each impact

14YA



VAYY B VAYY doio VYR Jlo A oyl DY 095 638 paol (o it 4y pii

(FxF) &5 V7 (Fx¥) &390}

(OxB) ¢1350 YO

Wi b 3l ey S 30 00l Sl 058 ok p Saniion 495 Sl ygm i)l g olawd Wil 51 (B Lo T wlaaline 1Yo S
Fig. 10.Experimental observations of the effect of holes number and arrangement of lattice pounders on crater depth after
each impact

JEI L el 1555 51 b 4555 5l 4y o Sein oyl vl
05 oo o] a8 Gl 4 e (S 4y (g S il 4 655
5 @l 00 s St pla a5 C8F amal lg o 1Y
gladr s S cei (T a5 S o b s 5,55 0 e
5l S ol Colaw Gl a5 sk a0l )] dgn Bes g
9 Lyo e boyss palazd o a8 o p ol 4 jomie S5k S
S Gl 38l g S 4y (6 e (6551 Jl 4y poeie ;500 )b )
09 50 3] Sget Bos 5 led g
o Flims Lial)] g ol 8l Sily a5 4 JSs llae 1Y
alamdo ol 4,5 5 5 o S 0 T 3985 e p S 4395
Ot 5195 e 4 Elyge YO Sl apsS a5 005 (oo

1are

St SB gl a4y 6y Sy b g S Gloj 40 g 0390 b
s YO Sotio a8 (rizmad ylod (o0 3,95 (AK L LejT oo
210557 2 6 i Sede lar Cobase 5 a8 El g ol 5l S
25 009e8 b ezt Gl S o | STl 6558 Bas e
EtaleT Sy S gl 4 (55208 S p b g 2t 0o
Sglite Sigl)l b Sdie (gl 41557 0,55 1 51 g ylod (00 9,55
Al 0y e glhgw YO Sidie 4455 S zlaws b o 25
@ el 055 5 Sl b 9)93 5 alaxd )0 Sy (G ieS
4 S @il JEl g s Sk plr iy Coles e
03,5 oo o] s Giol38l @y o agS ple 4 Cos S
b 3l 6y n pf) (e Elgw 1 Sedie 455 uizmen
eSSl Sle 4 S gl b 093 alaxd o Sae e



VAT B VAYY doio YRR o A oyl DY 053 (S prol (pos swdiges &y

[V o559 o> 1yb b (ol b Saobud o515 Sldas ;o ooliul 330 asgs 1Y S
Fig. 11.Lattice pounder used in offshore dynamic compaction with special design [1]
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Fig. 12.0ffshore dynamic compaction operations using
barge and crane with high load capacity [1]
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laboratory
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