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ABSTRACT: In this paper, settlement performance during wagsting of structures at a waste water treatnfantlity in
Turkey, constructed on soils improved by Rammedehgie Pief (RAP) System, are presented. The soil profile
comprised of firm to stiff silty clay and mediunmsie silty sand of 10 m thickness overlain on teafkto medium stiff silty
clay with thin inclusions of sand lenses. The ngaials of the in-situ soil improvement, to elimintte risk of liquefaction
and to form a homogeneous crust to reduce the ¢otdldifferential of settlements was achieved lprawving the soil with
RAPs down to 15 m depth. In order to verify thegieparameters, two kinds of field load tests, nheslload test and
areal loading test were performed. Completed stmegt water tested and settlements are recordedjigirg performance
monitoring data under service loading conditionstbithe implemented soil improvement, post conitncsettlements
are reduced to 14 - 25 cm compared to initiallyireated 20 - 80 cm long term settlements, and @iffigal settlements are
reduced to permissible limits.

S

KEYWORDS: Impact rammed aggregate piers, stiffness, coretidial settlement, monitoring, ground improvement.
SITE LOCATION: 40°41'42.79"N 29°24'13.60"E

INTRODUCTION

The need of ground improvement methods has inadesigaificantly in the recent years due to the nfeedonstruction of
transportation, hydraulics and industrial structuat unfavorable soil conditions. Among existintealatives, Rammed
Aggregate Piét (RAP) solution which was developed by Fox at UBA980’s has been listed and served as an alteenati
to deep foundations or over excavation and replacemf compressible soils. RAPs are mainly usedinice intolerable
settlements, mitigate the liquefaction potentia@inforce slopes and improve the bearing capacityfootings, mat
foundations, embankments, reinforced earth waldmsiportation and port structures, etc. in Turksyaacost-effective
solution for construction on soft/compressible &mjers. Besides, it is expected that vibration wwsldmetric densification
during construction of RAPs provide an additionahéfit to increase strength and stiffness propedfecohesionless soils
(sandy, gravelly and relatively non-plastic siltaterial).

Within the context of this manuscript, the settletperformance of structures at a waste waternreat facility where
foundation soils were improved with 50 cm diamd®&P Impact elements are assessed. The settlemaituctures are
analyzed with Settle 3D, RocScience software progusing the information from site soil investigatiand compared
with instrumentation data collected from a test ankment. The settlement behavior is further analymecomparing the
estimated consolidation settlements and the redosdelements during the water tests performed #fteconstruction of
structures. Before discussing the field load testd their results, installation methodology of RAdtsng with site soil
profile will be explained.
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PROJECT DESCRIPTION and SUBSURFACE CONDITIONS

The project is located on a flat topography in tiweth of Yalova - I1zmit Highway, between Yalovaycitenter and
Topcular pier. The north and north eastern sidast end south eastern sides and south and west Gidbe site are
surrounded by the Marmara Sea, factories and sonptydots, respectively. The ground level is aroatdea level and
the maximum elevation is +1.0 m. The project gilanned to be used for the waste water treatmeilityais shown in
Figure 1. The performance of main structures wiimver large areas and seated at near surface yeconsidered to be
critical with respect to settlements. The foundatjressures from these main structures are aroOnd 180 kPa. In
addition to these main structures, auxiliary stites such as distribution tanks and ducts, pumgiations, operational
and administrative buildings all connected to eaitter have foundation pressures around 50 - 70 ARahematic view
of the facilities is shown in Figure 2.
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Figure 1. Location of the site.
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Figure 3. Boring and CPT location plan.
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An extensive site investigation program, involvizigjto 35 m deep boreholes at 8 different locatemd 20 to 26 m deep
CPT soundings at 4 different locations were exetate shown in Figure 3. At various depths, stangartkbtration tests
were performed along with the disturbed and undistd soil sampling. On the retrieved disturbed andisturbed soil

samples, soil classification, unconfined compressiod consolidation tests were conducted.
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Figure 4. The representative soil profile, the asion of SPT @b, Q, F, LL, Pl andw with depth.

The representative soil model, together with vaomet with depth of corrected cone tip resistancg #@d friction ratio (F
obtained from cone penetration tests, SRJ Mdlues obtained from standard penetration testsidl limit (LL), plasticity
index (PI) and natural water contenf) (are shown in Figure 4. The soil profile include8.2 - 1.0 m thick top soil layer
overlying a medium stiff to stiff silty clay layetfown to a depth of 4.0 m. Below this clay laye6.8@ m thick loose to
medium dense silty sand layer is encountered whighlies very thick soft to medium stiff silty cldgyers with thin
inclusions of loose to medium dense silty sandden¥he ground water table is reported to be & 007 m below natural
ground surface. Table 1 shows the summary of sodmeters.

Table 1. Summary of soil parameters.

Material y (kN/m?) o (%) LL (%) Pl (%) ¢ (kPa) ¢ Es (MPa)
Silty Clay 18.0 27 63 47 50 25 7.5
Silty Sand 18.0 - - NP - 30 25
Silty Clay-2 18.0 44 48 31 50 25 7.5

\% : Unit weight (Robertson and Cabal, 2010)

w : Natural water content, average valuesabbratory test results

LL : Liquid limit, average values déboratory test results

PI : Plasticity index, average valueslaboratory test results

Cu : Undrained shear strenght=¢g-0.)/N«. > Nw=14 (Robertson and Cabal, 2010) (for Silty Clayyer); ¢=q./2 (for Silty Clay-2 layer)

(0] : Friction angle, relationship of Pl and giffior clay layersip=27.1+0.3N,-0.00054(No)? for sand layer (Das, 2014)

Es : Deformation modulus, £(3[B)q. for soft clay, clayey silt; E(3(6)q for clayey sand (Bowles, 1996)
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GROUND IMPROVEMENT WITH RAMMED AGGREGATE PIERS (RAP s)

Design Consideration

At the preliminary design stage elastic and codstion compression response of the site under lmalkde imposed by the
structures is assessed by using Settle 3D, RoaSzisoftware, which enabled 3D settlement analyéstle 3D model
used for the analyses is shown in Figure 5. Assiamgtused in the calculations were: i) a "flexiblelindation assumption
is adopted to assess the differential settlemetenpial of the site; ii) Boussinesq stress distidmu rule is adopted for the
estimation of stress increase beneath loaded dre#lse consolidation settlement computation, foft slay and medium
stiff clay layers the compression index ratio isstaas of @1+e=0.12 and g@1+&=0.06, respectively, and OCR=1.0. The
consolidation settlements are estimated to vathénrange of 20 to 82 cm under the service loaus tlaeir distribution is
shown Figure 6.
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Figure 5. Settle 3D model.
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Figure 6. Estimated total settlement without imgnaent.

In order to eliminate liquefaction induced strengthd rigidity losses of bearing layers under thanfiations (the

liquefaction triggering potential of silty sand &g with fines content varying between 10% to 46pically 20 %, were

identified under a design earthquake motion of maxn acceleration,@,=0.40 g and moment magnitude,#¥.5) and to

limit the excessive surface settlements, it is dietito implement a soil improvement solution. Tdialtelimination of the

settlements is considered be a task not easilggonomically) achievable, and found to be not resmgsfor the proposed
use of this site. Hence, the main goal of the in-soil improvement is defined as to form a thidotogeneous crust with
improved soil properties under the foundations. Te&imental effects of the differential settlenseneflected on the
ground surface are expected to be minimized ifckttrust is located at the top of the soil profidter a careful review of
soil improvement methods which are available am loa implemented at the site to achieve the gaetlstise use of
Rammed Aggregate Pfe(RAPS) is preferred.
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Construction of RAP Impact Elements
Installation steps for these stone columns witpldisement technique are summarized below:

(1) a closed ended mandrel with a diameter of 36ispushed into the design depth using hydraulicdallluced static
force assisted with vertical dynamic energy,

(2) the mandrel and hopper are filled with aggredstpically graded 13 to 38 mm patrticle size),

(3) the ramming action is applied with 100 cm §¥/cm down compaction efforts, during which vettidgnamic energy
is also introduced.

The ramming action expands the diameter from 3&a®0 cm if 100 cm up and 67 cm down compactiorcedore is
chosen. The significant increase in lateral stocesabined with the high density of the stone credigdhis installation
process provides the unique strength and stiffloéthe RAP system (Handy 2001, Wissmann et. al0120Figure 7
presents the construction methodology of RAP Implanents and a view from the field construction.
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Figure 7. Construction methodology of RAP Impaetrednts and a view from the filed construction.
Design Approach

In order to achieve the design goals, 50 cm dianstii RAP elements reaching to 15 m length frdra ground surface
with 1.4 to 1.7 m square pattern, correspondingréa replacement ratios of 10 % and 7.0 %, res@dygtiwere installed
beneath the main structures of the waste watemntesd facility. The closest spacing was used bénthat aeration tank
mat with the highest base pressure of 110 kPa.

Foundation settlements were calculated using astep-procedure: the compression of the zone ofixnsdil reinforced
by the piers (upper zone) is the first estimated thien the compression of the zone of soil théddated below the tip of
the piers (lower zone) is computed, the sum otwiteyielded the total settlement.

The compression of the RAP-reinforced zone bentdwhmat is estimated by using composite constramedulus of
improved soil, Emp. The representative values of,& for the upper zone layers are computed by consigdtie area
ratios of RAP and, properties of natural soil aretg The composite constrained modulus for a RAproved soil zone is
computed using following relationship:

Ecomp = EpapRq + Es(1 — R,) 1)
where, Rap is the compression modulus of RAPS, iE& the constrained modulus of matrix soil ang iR the area

replacement ratio. The area replacement ratio fgumre pattern of RAPsgRan be expressed in terms of the diameter
and spacing of the piers as follows:
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where, Anp is the area of the compacted piers (0%2fon diameter of 50 cm). Estimates of settlementhia lower zone
materials, below the bottom of the pier bulbs, ammputed using conventional geotechnical settlenaardlysis
procedures.

Settle 3D analyses are carried out for the impraaliconditions, considering the presence of RAPE5 m length under
the foundation base. Elastic settlements are cgkdifor the upper zone (i.e. in the improved ugdfem) with an assumed
RAP stiffness modulus value of 25 MNYmnd consolidation settlements of lower zone wateutated using properties of
underlying layers.

Table 2. Soil parameters used in upper zone sedtieanalyses.

Material y (KN/m®)  Erap (MPa)  Eomp(MPa)
RAP Zone-1 184 50 12
RAP Zone-2 184 100 32
RAP Zone-3 184 50 12
- Contour Legend
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Figure 8. Upper zone settlement.
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Figure 9. Lower zone settlement.
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At the preliminary design stage, the immediateleseient of improved upper layers with RAP elememis the long term
consolidation settlement of non-improved cohesayets underlying RAP elements were computed tamktbe range of
10 cm and 14 - 25 cm, respectively, indicating asterable decrease in settlements compared teetlements without
soil improvement. The distribution of computed Isettents shown in Figures 8 and 9 indicates a ceralide decrease in
differential settlements can be also expected thighplanned soil improvement.

Modulus Load Test Procedures and Results

An assumed pier modulus value is selected usinpadstdescribed in literature (Fox and Lawton, 19%8ed on known
pier properties and the properties of the surrawndbil, and then confirmed with site specific miodutests. The modulus
test set up is similar to a pile load test configion and the test is performed in general accagavith ASTM D-1143.
The tests are also used to observe how the RAPveeha the soil matrix, by monitoring the deflectiof tell-tales
installed at the tip of the test piers. The modubel test of RAPs may also incorporate tell-taeslifferent elevations
within the pier (Brain et al., 2006). The tell-takements consist of a horizontal steel plate ithattached to two sleeved
vertical bars extending to the top of the pier. WhReRAP is equipped with a tell-tale referenceeltite deformation mode
of the pier can be recognized from the shape oft¢lidale load settlement curve in comparison vittle top of pier
settlement. Typical modes of deformation for RARstalled in soft soil include bulging and tip mowemh (Wissmann et.
al., 2001).

In this project, 7 modulus load tests were perfatme RAPs installed with lengths of 14 - 16 m teess the load bearing
capacity and stiffness response of individual RARs.the axial compressive load is directly applad the pier, the
magnitude of stress is controlled by a hydraulakjaith a calibrated manometer. The constructiorchitee was used as a
counter weight for the modulus load tests perforinetthis project. The vertical displacements of giers were monitored
using five comparators which were connected tdrdmesverse beam and two of these comparators verecdpon the tell-
tale in order to measure the deformation at théohobf piers. The distance of the bearing pointtheftransverse beam
from the test pier was provided to be at 5 pienditers. A concrete cap with a diameter of 60 cmplased top of the pier
in order to transfer the load. A schematic drawahghe test set up and the photos taken from thieaieea are shown in
Figure 10.

~oY,

COUNTER WEIGHTS

\ BEAM
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Figure 10. The test set-up and field photos.
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Loading, starting with 5 % of service load is iresed until the pier is tested up to 150 % of itwise load. Then, an
unloading procedure is followed. All load increneig held for a minimum of 15 minutes and until thee of deflection

reduces to 0.254 mm per hour or less, or for a maxi duration of 1 hour. Field load tests were pentaxd by closely
following the loading scheme summarized in Table 3

Table 3. The loading scheme.

Load % Service Load Load % Service Load

No Load (ton) No Load (ton)
0 5 0.68 8 133 17.96
1 16 2.16 9 150 20.25
2 33 4.46 10 100 13.50
3 50 6.75 11 66 8.91
4 66 8.91 12 33 4.46
5 83 11.21 13 0 0.00
6 100 13.50 14 100 13.50
7 116 15.66 15 0 0.00

Two representative load vs. settlement curves leoers in Figure 11. RAPs undergoing primarily elasteformation with
little tell-tale movement indicate sufficient mdhdtion of shaft friction, without bulging, to resithe applied stress. The
results indicated that a RAP stiffness of 35 - 7R/M® can be adopted and showed that the stiffness waled in the
preliminary design was on the safe side.

Load (ton) Load (ton)
0 5 10 15 20 25 0 5 10 15 20 25
O ol ki f 4 b 111 | | T - O =L e 1 II I] 1 I | 111 | 111 | | T -
20

(o)) N
o o
S N W WY

Settlement (mm)
o
o o

Settlement (mm)
S

—°— top-of-pier
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(o]
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o

Figure 11. Modulus load tests, load-settlement ggap

TEST EMBANKMENT AND ASSESSMENT OF MONITORING RESULT S

To verify the general design of soil improvementhaihe use of RAP elements and to determine thalititiod of
differential settlements, a full scale area loast teas performed by using a test embankment witll . B¥ side slopes,
6.1 m height and 36.8 m x 36.8 m base in plan. €sdbankment was located at an area where soil thomsliwere
relatively unfavorable as suggested by the borshdl&e area test contained 729 RAP elements of 1Bngth and
installed in a square grid with 1.4 m center toteespacing. The height and dimensions of the ekrhant were chosen to
simulate the loading conditions expected in thggmto A general view of test embankment is showRigure 12. Vertical
deformations of the test embankment were monitbsedeodetic measurements at 9 points (SP) for iagerf 52 days.
Also, a vibrating wire piezometer (transducers2b2n and 27.5m depths) and four inclinometersaltest to the depth of
40 m were located outside of the test embankmentnfeasuring excess pore pressures and lateral noations,
respectively. Pore pressure transducers and imokters were monitored during the construction sf éenbankment, and
then measurements were continued on weekly baséslalyout plan and the section of the load testaarkiment, and field
photos are shown in Figures 13 - 14, respectively.
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Figure 12. General view of test embankment.
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Figure 13. The layout plan and the section of &ssbankment.

Figure 14. The test embankment field photos.

Figure 15 shows settlement and pore water presstiree response under the test embankment constiumt RAP
improved ground. The geodetic measurements at BtpdEP) for a period of 52 days indicate that mha@ximum
settlements reached are around 28 cm or less, lpogion of it occurring during construction. Theezometer
measurements at depths of 22.5 m and 27.5 m irdibat the initial readings of the pore water press of 236 kPa and
273 kPa, respectively, increased minimally durimg émbankment placement (probably due to radiahaga provided by
the closely spaced RAP elements) and then decredsedow rate to their initial values. The fouclinometer readings
installed around the test embankment showed thelolgwment of lateral displacement up to 90 mm ducdogstruction due
to the rapid rate of fill placement (reaching maimheight in 7 days) and then movements slowed diten the full load

of the embankment is imposed.
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Figure 15. The measured results for the test embank and instrumentetion.

It can be assumed that the immediate settlemepts@npleted during the construction of the embamitnte its full
height. The lower zone consolidation settlementseeted to occur in all structures under serviceddagre computed using
Settle 3D software and utilizing the estimated pailameters from back analysis of observed behatitre field load test.
The estimated soil input parameters are given inlerfd. The lower unimproved layer thickness is éased to 75 m and
divided into two sublayers.

Table 4. Soil parameters use in Settle 3D assedsmen

Material Depth (m)  y(N/m®)  Ecomp.(MPa) G G & OCR ¢ (m%day)
RAP Zone-1 0.0-4.0 18.4 12 - - - - -

RAP Zone-2 4.0-10 18.4 32 - - - - -

RAP Zone-3 10-15 18.4 12 - - - - -

Silty Clay-1/2 15-45 18.0 - 0.270 0.054 1.10 1 030.
Silty Clay-2/2 45 -75 18.0 - 0.125 0.025 0.85 2 030.

In Figure 16, the distribution of the estimatedlsatents arising from the consolidation of the upiaved lower zone is
shown. It is observed that in the range of 7- Absettlements can be expected when all structugesanstructed and
fully loaded. When the results of piezometer measents and Settle 3D analysis are evaluated tagetbsetinuing
consolidation settlement is observed to extend dmn22.5 m depth. In addition, it is expected tiat settlements which
will take place under rigid mat foundations will kess than calculated since the flexible mat bedrasitaken into account
in the analyses.

- Contour Legend
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Figure 16. The consolidation settlements in theeaasall structures constructed. (lower zone)
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ASSESSMENT OF WATER TEST RESULTS

The construction of the waste water treatment ifgc8tructures supported by RAP elements was caegblevithin
approximately 6 months. Water loading tests ardgezhput to check the construction performanceuchdsacilities. During
the water loading tests within the scope of thigjgmt, the settlement measurements were takenO@rdays. The water
height - time relationship applied in water loadiegts is shown in Figure 17.
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Figure 17. Water height — time relation appliedayater loading test.

In Figure 18, the measurement points are showraéoation tank, balancing tank and biologic tanksFigure 19 the
estimated settlement - time response using Sditleddtware is shown together with the settlementlirgs taken during
the water loadings tests.
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Figure 18. The measurement points for water loadésg.

It is observed that under service loads of 96 - KR8 the measured settlements reached valuemgdmgtween 14.5 cm
and 24 cm, in 5.0 - 5.5 months after reachingniiagimum of water level for the aeration tank anel lalancing tank. It
was observed that the settlements reached 16 crd&Bdcm within 4.0 months under pressures of aBdutPa for the
biologic tanks. The total settlements recordechénrmonitoring period were about 50 % smaller thensé predicted by 3D
settlement calculations.

It was also observed from settlement-time curvastthe settlements under the aeration tank andhtial@tank was almost
completed during the monitoring period, and abd@u®« of the final settlements were reached undebitblegical tanks. It

is thought that the calculated settlement amourgshigher than the field results due to vagueneghke thickness of the
compressible layer which could not be preciselyedrined during the drilling operations and the coespible units are
assumed to continue down to depths of 75 m in tiadyais. The distribution of measured final setéens on the plan is
shown in Figure 20 and it is seen that the difféatsettiements are controlled to remain betwe®i® % and 0.25 % in
accordance with the limiting values adopted as antbe project targets.
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Figure 19. 3D model and field data responses: setént vs time curves for aeration, balancing ardidgiic tanks.

The distribution of measured final sgtients on the plan
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CONCLUSIONS

This paper presents the results of settlement midmi data at a waste water treatment plant coctetriuon a soft clay site
reinforced with Rammed Aggregate Pier® elementsRRADesign goals in the implemented soil improvenseheme
were to reduce total and differential settlemeelisjinate liquefaction induced strength and rigididsses of bearing layers
under structures and the detrimental effects of diiferential settlements reflected on the groumface during an
earthquake by forming a thick strong crust on tbfhe soil profile. After the careful review of $@inprovement methods
available and which can be implemented at thetgitehieve the goals set, the use of Rammed Aggrd€liar® (RAPS) is
preferred.

In order to verify design assumptions, 7 modulusiltests were performed on 14 - 16 m long RAPsliest at the project
site, and 35 - 70 MN/fncolumn stiffness values measured showed thattiffieess value used in the preliminary design
(25 MN/n?) was on the safe side.

A full scale area load test was performed by adggtankment of 6.1 m height and 36.8 m x 36.8 ne basensions, at an
area where soil conditions were relatively moreannfable and foundation layers were improved wi#tPRelements of 15

m length, installed in a square grid with 1.4 mcipg. Settlements are measured at 9 surface pailsts,a vibrating wire

piezometer (transducers at 22.5 m and 27.5 m deptit four inclinometers installed to the depth46f m, enabled

monitoring of pore pressures and lateral soil masmets for a period of 52 days. The immediate settl@mare observed to
be take place during the construction of the emiveamit, whereas the lower zone consolidation setti¢snebserved to

continue at a decreasing rate. Settlements expéotedcur under all structures when service loa@simposed are

calculated utilizing the estimated soil parameteys back analysis of observed behavior at thel fiead test.

The construction of the waste water treatment @amictures on soil layers improved with RAP eletaemas completed in
about 6 months. During the water loading tests @agied out to check the construction performarsmttlement
measurements were taken for 302 days. It is obdehat under service loads of 96 - 108 kPa, setiemreached values
varying between 14.5 cm and 24 cm, in 5.0 - 5.5 ttnoafter the maximum of water level is attainedhataeration tank
and the balancing tank, and rate of settlemenisatetl almost final primary consolidation stagesiached. At the biologic
tanks measured settlements under 75 kPa loadimfpedao 16.5 cm in 4 months after the maximum ofewéevel is
attained, and it is estimated that 70 % of thel fieétlements were reached.

The total settlements recorded in the monitoringogewere about 50 % smaller than those predicte@D settlement
calculations. It is believed that the main reasfmrs calculated settlements being higher than ibkl fresults are the
difference in assumed thickness of the compresddfer and the flexiable foundation assumption #eldpin the

calculations. The distribution of measured settleimen the plan has shown the differential settlgmare considerably
reduced by the implemented soil improvement androtbed to remain between 0.015 % and 0.25 % iroetance with

the limiting values adopted as among the projegets.
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