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High-Modulus Columns for Liquefaction Mitigation

James R. Martin 1l, A.M.ASCE®: C. Guney Olgun, S.M.ASCE?; James K. Mitchell, Hon.M.ASCE?:;
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Abstract: This paper presents the performance of a shopping complex in Turkey where the soils were improved with jet-grout columns
and preload fills and subjected to the 1999 Kocaeli Earthquake TM). Under construction at the time of the earthquake, the Carrefour
Shopping Center covers an area of 55,000and is founded on shallow footings, mats, and slabs-on-grade that rest on soft, saturated
alluvial sediments consisting of clays, silts, and sands. High-modulus columns constructed by jet grouting were installed at close-to-
moderate spacings to reduce anticipated static settlements in the clays and mitigate liquefaction in the sands. The site was subjected t
peak acceleration of approximately 0.2g during the earthquake. Grouting had been completed for about two-thirds of the site when th
earthquake struck. Following the event, a field reconnaissance found stark contrast between the performance of the improved an
unimproved sections. The jet-grout-treated areas suffered no apparent damage, whereas the unimproved sections of the complex, alc
with nearby untreated building sites, commonly suffered liquefaction-related settlements of up to 10 cm. This is the only case history
known to the authors that documents the field performance of high-modulus columns used in this manner for liquefaction mitigation and
direct instrumented measurement of liquefaction-induced settlements.
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Introduction from the earthquake epicenter and 5 km from the closest segment
of the ruptured fault. Peak ground accelerations at the site were
The 1999 Kocaeli Earthquake (#7.4) struck northwestern Tur-  estimated at 0.24g. The soil profile consists of recent marine sedi-
key on August 17, 1999 and caused significant damage in urbanments with alternating strata of soft to medium clay, loose sands,
areas located along lzmit Bay. Peak ground accelerations ofand silts; the water table is found with2 m of theground sur-
0.359-0.40g were measured on rock at close distances to the fauliace. The soft clays and silts were improved using surcharge fills
rupture. Following the earthquake and significant aftershocks, theand wick drains, and small-diameté.6 m) high-modulus col-
authors investigated the affected area to document geOtEChnicahmns installed by jet_grouting were used to increase bearing sup-
field performance. These studies focused on improved soil sites.port for shallow foundations and to reduce liquefaction potential
The observations showed that ground treatment was generallyof 3 silty sand layer that was 1-3 m thick across the site.
effective in mitigating earthquake-related damages, especially  jgt grouting had only been completed for about two-thirds of
relative to nearby untreated sitédartin et al. 2001 _ _ the site when the earthquake struck. Following the earthquake, a
The Carrefour Shopping Center complex was of particular im- fje|q reconnaissance was conducted and performance comparison
portance because the site was under construction at the time of the,5qe petween the improved and unimproved sections. Stark con-
earthquake and contained both improved and unimproved soilyasts were observed, as the treated areas suffered no damage
sections that could be directly compared in seismic performance.nereas the unimproved sections of the complex, along with un-

The complex covers approximately 55,000 and is located  eateq building sites located nearby, commonly suffered
along Izmit Bay, as shown in Fig. 1. The site lies 8 km northeast liquefaction-related settlements of up to 10 cm.

. _ — _ — In situ settlement measuring devicésettlement extensom-
Associate Professor, Dept. of Civil and Environmental Engineering, eterg installed at a non-jet-grouted section to monitor settlements
Virginia Polytechnic Institute and State Univ., Blacksburg, VA 24061.  nder a surcharge fill made possible the unprecedented measure-
Graduate Research Assistant, Dept. of Civil and Environmental ment of the earthquake-induced settlement at six elevations
Engineering, Virginia Polytechnic Institute and State Univ., Blacksburg, = ." . . -
VA 24061 within the upper 25 m of the profile. As expected, significant
3Univ. Distinguished Professor, Emeritus, Dept. of Civil and Settlements were attributed to silty sand strata, but it was surpris-

Environmental Engineering, Virginia Polytechnic Institute and State iNg that comparable settlements also occurred in saturated silt/

Univ., Blacksburg, VA 24061. clay strata that were initially considered nonliquefiable, and for
“Professor, Dept. of Civil Engineering, Bogazici Univ., which the jet-grout columns were not designed to mitigate. Even
PK2 80850 Bebek, Istanbul, Turkey. so, the jet-grout columns were effective in mitigating

Note. Discussion open until November 1, 2004. Separate discussionsjiquefaction-related damages by apparently reducing cyclic shear
must be submltte_d for individual papers._To ex‘tend the closing date. by strains and pore pressures, and minimizing post-earthquake re-
one month, a written request must be filed with the ASCE Managing consolidation settlements. This is the only performance case his-

Editor. The manuscript for this paper was submitted for review and pos- K d ing i facti . U S
sible publication on January 21, 2003; approved on June 19, 2003. This!®Y Known to us documenting liquefaction mitigation using jet-

paper is part of theJournal of Geotechnical and Geoenvironmental ~ 9rout columns installed in grids as opposed to columns installed
Engineering Vol. 130, No. 6, June 1, 2004. ©ASCE, ISSN 1090-0241/ contiguously in a pattern to form enclosed cells to contain lique-
2004/6-1-11/$18.00. fiable material(O’Rourke and Goh 1997
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and a two-story parking garage is located at the southwestern
quadrant. Both structures are supported on shallow foundations.
Geotechnical field investigations for the facility included 108
cone penetration test§CPT9, 17 standard penetration tests
(SPTs, and four test pit¢Zetas 1998 A suite of laboratory clas-
sification and index tests was performed as well. Collectively,
data from these investigations were used for the geotechnical and
seismic design of the facility, including the development of the
MarmaraSea P soil improvement scheme.

"""" In addition to these tests, researchers from Virginia Tech con-
Fault Rupture ducted post-earthquake soil investigations at the site in the Fall of
IZT Recording Station (PGA = 0.23g) 2000. This work consisted of four seismic CPTs, two conven-
Epicenter tional CPTs, one SPT boring, and one exploratory Auger hole.
T Because the shopping center had been completed and was opera-
tional at the time, these additional tests were performed along the

Fig. 1. Map of affected area of 1999 Kocaeli Earthquéky.4) and perimeter of the property, as shown in Fig. 2. The SPT was per-
location of Carrefour Shopping Center along Izmit Bay. Note close formed adjacent to one of the CPTSPT4 and samples were
proximity to ruptured fault and IZT seismic recording station. obtained for index testing and classification/confirmation of the
soils, especially for the silty and sandy layers associated with
liquefaction. Also, a borehole was drilled adjacent to the SPT, and
Soil and Site Conditions thin-walled Shelby tubes were used to obtain continuous samples
of liquefiable silty sand found at a depth of 6—9 m at this location.
The Carrefour Shopping Center complex is situated along Izmit  The extensive array of CPT and SPT data indicated that the
Bay in a quaternary marine setting of low ground elevation and stratigraphy is highly variable with depth, but conditions are
minimal local relief(Fig. 1). The relatively flat area was recently — fajrly uniform in lateral extent across the site. A typical profile
reclaimed from Izmit Bay using sandy fills. The site is underlain 4nq penetration test data from the siter untreated conditions
by a thick stack of soft alluvial sediments consisting of alternating gre presented in Fig. 3. It can be seen that the CPT tip values are
strata of soft clays and silty sands. The depth to firm rock is not low, and with the exception of a 1-m-thick zone at a depth of 6 m,
known for this site, but deep geological profiles from other sites he yajues average about 1 MPa throughout the upper 20—25 m of
in the vicinity suggest a depth of 80-100 (@S| 1977. The the soil profile. SPT Ngo blowcounts are less than 10 blows/ft in
water table is found witim 2 m of theground surface. most strata above 25 m. Shear wave velocities were measured by
As shown in Fig. 2, the site covers an area of about 55,000 M means of four post-earthquake seismic CPTs and indicated 110—
A supermarket is located at the southeastern quadrant of the siteq 40 m/sec for the top 10 m. A composite soil profile for the site
was established from the penetration tests and is shown in Fig. 4
(see section A-Ain Fig. 2).
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g‘a;ﬁgﬁg;efg::g;?:ns As can be seen in the figure, a medium dense clayey-gravel fill
Damaged Treated with jet grouting (GO overlies the entire site, extending from the ground surface to
ﬁz \v /_ NoDamage 7 A4 an average depth of about 3 m. The fill was placed decades prior
to construction to reclaim the site from Izmit Bay. The fill varies
from 2 to 4 m inthickness across the site and is thickest beneath
Shopping Center the shopping center. The fill is located above the water table in
- Section A most areas.

A soft-to-medium silt/clay stratum that extends from a depth
—_——————— — = — of 3—6 m underlies the fill. Sand and gravel lenses up to 40 cm
Section B thick were encountered in this stratum in some areas. Average
CPT tip resistances of 1 MPa were measured in this layer, along
with shear wave velocities of 100 m/s. SPT dyvalues were 6

{ Damaged apartments 100 meters |

1 blows/ft, and the layer classifies as ML/CL. Initially, this layer

_f ' was deemed “nonliquefiable” and only considered a problem

! Parking from the standpoint of anticipated settlements and bearing capac-
| Structure ity under static footing loads. As shown in Table 1, the soil con-

{ ' (Signs of liquefaction at this section tains an average of nearly 50% clay-sized particless . m)

'i Lot C | notireated with et grouting) |~ [although 2um is usually considered the clay-size boundary, 5
SE3 . B2\ : pm is used for the Chinese criteria as suggested by Seed and
(No et grouting A !dl’lSS (1982]. The CPTs indicated an average soil behavior type
Significant Settlement) v ' 25 50m index, |, of nearly 3.0. Although such soils are not normally

____________________ = 2P =58 considered liquefiable, the soils meet two of the three Chinese
- . L : 3
crT CPT2&3B;:;S CPTS  CRT Lf%:ﬁ:é?letgmutmg z%‘ criteria for being suspectpercent um<15%, LL<35, and

water content>0.9X LL); the soil contains more than 15% clay-
sized particles5 wm), but the water content is approximately
equal to the liquid limit and the liquid limitLL ) is less than 35
?LL=33). Similar to findings in Adapazari as reported by Bray
et al. (2002, this study shows that these materials are in fact

Fig. 2. Site plan of Carrefour Shopping Center showing improved
area and unimproved areas along with observed earthquake damage
Locations of post-earthquake soil investigations are also indicated.
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Fig. 3. Typical preimprovement geotechnical parameters from Carrefour site

susceptible to liquefaction-related effectsoftening, loss of
strength, settlement, efc.

Below the clay and at an average depth of 6 m, a layer of
loose-to-medium silty sand is encountered. Investigation of this
layer was important because the soils were immediately identified
as potentially liquefiable. Average CPT tip values are about 5
MPa, with friction ratios less than 1%. Typical SPT, &y values
are 13 blows/ft. Shear wave velocities in the stratum are in the
range of 140 m/s. The stratum varies from Jo%Hm inthickness

across the site; the stratum is 2.5 m thick beneath the supermarkeg

building, abow 4 m thick beneath the parking structure, and ap-
proximately 1.5 m thick beneath Lot C. The sand contains an
average of 30% nonplastic fines and classifies primarily as an SM,

Parking Lot Shopping Center
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Fig. 4. Generalized soil profile through Parking Lot and Shopping
Center area; see A‘Ain Fig. 2. (Note: horizontal scale is
compresseql.

although there are frequent SP and SC lenses. It should be also
noted that the sand contains about 15% clay-sized particles
(<5 wm) on average, but the fines are still nonplastic. Collec-
tively, the data indicate that the sandy soil stratum would be lig-
uefiable under moderate levels of ground shaking.

Below the silty sand layer, a 1-m-thick soft-to-medium silt/
clay stratum is encountered. This stratum classifies as ML/CL and
is similar to the ML/CL layer above the silty sand stratum. The
soil contains 55% clay-sized particles<b pm), and the water
ontent was found to be 33%, close to its liquid limit (LL
=35%). CPT tip resistances of about 1 MPa were measured, and
SPT N, g0 values were 3 blows/ft.

A stratum of medium-to-stiff clay of high plasticity (LL
=60-80 and classifies as Clxtends from a depth of 9 m to
more than 35 m where the explorations were terminated. The
stratum shows a gradual strength increase with depth, with CPT
tip resistances increasing from 0.5 to 1.2 MPa between the depths
of 9 and 25 m. The clay becomes much stiffer below 25 m, with
tip values approaching 5 MPa at a depth of 35 m. Sandy lenses
were commonly encountered throughout this thick stratum.

In addition to the penetration data, four post-earthquake seis-
mic CPTs were used to measure shear wave velocities at the site.
The measurements were made in an unimproved soil area about
20 m outside the property boundary west of Lot<ge Fig. 2
Fig. 3 shows a typical velocity profile. It can be seen that the
profile is nearly constant versus depth for the top 25 m, with an
average value of about 120 m/s. From this depth, the velocities
steadily increase from 120 m/s to nearly 250 m/s over the next 10
m. A more abrupt transition occurs at a depth of about 35 m
where the values increase to approximately 400 m/s and where
the exploration was terminated. Overall, the velocity profile indi-
cates a soft site that classifies as a NEHRP Site Class “F” due to
the presence of liquefiable sediments, otherwise the site would
classify as “E” based on th¥-30 value of 150 m/¢IBC 2000.
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Table 1. Average Grain Size and Index Test Data for Soil Strata at Carrefour Site

Depth of stratum Liquid limit PL W  >no. 4 sieve <no. 200 sieve <5um <2um |, value from cone
(m) uscs (%) (%) (%) (%) (%) (%) (%) penetration te&t
0-3 Fill (GC)

3-6.5 ML/CL 33 23 32 0 88 47 38 3.0
6.5-9 SM with SP, SC lenses NP NP 24 6 30 16 14 2.2
9-10 ML/CL 35 24 35 0 95 55 42 2.9
10-35 CH with SM, ML lenses 66 29 55 0 100 74 61 3.3

8 .=soil behavior type indexLunne et al. 1997

Foundation Design and Soil Improvement silty sand stratum{about 2.5 m thick in this location The sec-
ondary columns penetrated only the sand stratum, extending from
The shopping center and two-story parking garage are founded ora depth of 6.5 to 9.0 m. In addition to the primary and secondary
shallow footings, mats, and slabs-on-grade. Details of the foun- grids, 0.6-m-diam 9-m-long columns were also installed at each
dation design and soil improvement were reported earlier by spread footing location in Section A of the supermarket building.
Emrem(2000. The primary foundation design issues were large Groups of two and four jet-grout columns were installed directly
anticipated settlements and bearing problems in the clay, alongbeneath the exterior and interior footings, respectively. No treat-
with potential liquefaction of the silty sand layé8M) at an av- ment was performed outside the footprint of the building. Overall,
erage depth of between 6 and 9 m. Although not understood at thethe average area replacement ratio for the SM layer was 7%, and
time, the ML/CL strata above and below the SM layer were also approximately 2% for all other layers in the upper 9 m. Grouting
a potential source of liquefaction-related damage. Surcharge fillshad been finished and the building was being constru@bdut
and wick drains were used in some sections to improve the soft60% completgat the time of the earthquake.
clays and silts, and jet-grout columns were installed beneath the
footprints of the structures in all areas to provide increased bear-
ing support and reduced settlements in the clays and reduce lig-
uefaction susceptibility of the sands. As discussed later, the sur-The soils beneath the parking garage were improved using sur-
charge fills probably overconsolidated the sands and silts andcharge fills, wick drains, and jet-grout columns. As shown in Fig.
increased their liquefaction resistance, although this was not ac-2, the parking garage has a plan area of about 14,60Gn the
counted for in the design. structure is founded on isolated footings with a slab-on-grade
The spacing and treatment depth for the jet-grout columns poured between the footings. The site was surcharged with a 3.3-
varied across the site due to differing soil conditions and founda-
tion configurations. Grout column spacings, diameters, and depths

Parking Garage Area

for static design were selected mainly on the basis of footing size @ Primary grid - full length jet-grout columns (L = 9 m)
and location, and footing and slab-on-grade loads. To provide O Secondary grid - truncated jet-grout columns
increased resistance against potential liquefaction, the designers within the sand layer (L = 2.5 m)
incorporated blanket treatment beneath the building footprints
using additional short jet grout columns through the sand layer. L4 4 1
Grout column spacing details are provided in the following sec- o o O o
tions. When the earthquake occurred, jet grouting had been re-
cently completed for the supermarket and was just beginning in ®e O e O e
the parking garage area. Thus, there were both improved and j
unimproved areas of the site subjected to strong ground shaking. o o o o o &
S ket Building A .O.O.J
rmar ilding Ar
upermarket Building Area l<—4m—-.

The supermarket is a one-story structure covering an area of ap-
proximately 15,600 rfy see Fig. 2. Section A of the building is
founded on isolated spread footings, while Section B is supported
by a mat foundation. No surcharge fill was used for this structure
because the original fill used to reclaim the site was thicker in this X ML/CL
section and the underlying soft soils were already sufficiently
strong and stiff. The only improvement was jet-grout columns,

GCFil) ¥

9m

installed beneath both sectiorid and B) to improve bearing SMISP
support, reduce settlements of the clay, and to increase the lique-

faction resistance of the underlying silty sand layer. As shown in MRS
Fig. 5, primary and secondary grids of columns were installed in CH

rectangular patterns to provide blanket treatment. The columns in _ .
the primary grid were 0.6 m in diameter with a center-to-center Fig. 5. Layout of jet-grout columns used for blanket treatment be-

spacing of 4 m. These columns extended from the ground surfaceheath Shopping Center building at Carrefour site. Additional columns

to a depth of 9.0 m. The secondary grid consisted of shorter were used at footing locations to provide additional bearing support.
2 5-m-long groufed columns that were installed between the pri-, Average replacement ratio beneath building was about 7% in the SM

. . ) ; % i i
mary columns to further increase the liquefaction resistance of thelayer and 2% in overlying strata.
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Table 2. Construction Parameters Used for Jet-Grout Column Con- Expected Liquefaction Behavior of Unimproved

struction at Carrefour Ground during Kocaeli Earthquake
Parameter Value To better gauge the effectiveness of the ground improvement and
J6t-grout system Jet-1 to provide more insight into the liquefaction effects observed in

unimproved ground, it was necessary to perform a liquefaction

Column diameter 60 cm : . : . . .
analysis of the site. The analysis was primarily concerned with
Number of nozzles 2 s . . S .
) determining whether the observed liquefaction behavior in unim-
Nozzle size 2 mm - . . .
o . proved ground was consistent with predicted behavior, and sec-
Rods lifting speed 50 cm/min . . . .
Rods rotafi q 20 revimi ondly, estimating what behavior would have occurred if ground
| 0ds rotation spee 45{)9; min improvement had not been implemented. Of particular benefit to
njection pressure ars the analysis were the measured liquefaction-related settlements at
Water/cement ratio 1/1

Lot C where the soils were unimproved. These data provided
unique insight into the liquefaction behavior of the soils, espe-
cially the ML/CL strata.
m-high sand fill, and 20-m-long wick drains were installed at a Ground motion recordings of the Kocaeli Earthquédkér.4)
2.5-m spacing to speed up consolidation of the clay. Primary con- were available from the IZT recording station in lzmit approxi-
solidation in the clay was complete and the surcharge had beenmately 8 km from the site. The IZT site is a rock site with a
removed a few weeks prior to the earthquake. The application andVs-30 of 800 m/s and a NEHRP classification ofBathje et al.
removal of the surcharge fill overconsolidated the near-surface 2002. These motions were used to perform a site response analy-
silty and sandy layers to an overconsolidation ratio of 2 to 3, and sis using theSHAKE91computer codéldriss and Sun 1992and
increased the liquefaction resistance. Following fill removal, the a peak ground acceleration of 0.24g was estimated for the site,
area was to be blanket-treated using primary and secondary rectelose to the 0.23g peak value recorded at IZT. From this, the
angular grids of jet-grout columns similar to the grouting plan for cyclic stress ratigCSR was determined for the various soil strata
the supermarket. At the time of the earthquake, the surcharge filland the cyclic resistance rati€RR) values were estimated from
had been removed and jet grouting was just beginning. Only 10%the CPT measurements as per Youd e{2001). In performing
of the area had been treated, and construction of the parking gathe liquefaction analysis, it was recognized that the majority of
rage had not yet begun. the suspect soils have low CPT tip resistances and high fines
contents [ values>2.6), a condition where the use of standard
Lot C Area CPT liquefaction evaluation proceqlures can be unreli@@d

et al. 200). Therefore, caution and judgment were used in apply-
Lot C is located adjacent to the parking garage and encompasseég the CPT-based liquefaction procedure for these materials.
an area of 4,160 fa The area is currently being used as an aux- Also, the highly variable and mixed conditions introduce consid-
iliary parking lot. No structures were initially planned for this erable uncertainty in the prediction of field behavior. Because the
section, but the soils were being improved in anticipation of fu- liquefaction analysis was only intended to provide insight into the
ture development. Similar to the Parking Garage section, Lot C observed behavior and to establish general benchmarks for the
was surcharged with a 3.3-m-high fill, and 20-m-long wick drains effectiveness of the soil treatment toward mitigating damages, the
were installed. Settlement extensometers were installed in threeanalysis was considered appropriate for the purposes of this study.
areas of Lot C to monitor settlements at several depths within the ~As mentioned earlier, only the silty sand straty8M) that
soil profile, including points located above and below the lique- extends from a depth of 6©t9 m in most areas was initially
fiable sand layer. The surcharge fill was still in place at the time of assessed to be liquefiable. However, post-event measurements
the earthquake, and settlements were being monitored on a dailyfrom Lot C indicated that significant liquefaction-related settle-
basis. Jet-grout column installation had not yet begun in this sec-ments occurred in the ML/CL strata, and thus all of the saturated
tion. As discussed later in more detail, the settlement devicesstrata in the upper 11.5 m of the profile are considered susceptible
made possible the direct measurement of the earthquake-inducedb liquefaction-type behavior. Conditions near the Parking Garage
settlements of saturated strata in the upper 25 m. are considered representative of the site and are used to illustrate
typical analysis results. It can be seen in Fig. 6 that during the
Kocaeli event, the site was subjected to an estimated CSR ranging
from 0.15 at a depth of 1.5 m to 0.27 at a depth of 11 m.
Jet-grout columns were installed at the Carrefour site using a Using CPT data, an average CRR of about 0.14 was estimated
single-fluid jet-grouting system with an injection pressure of 450 for the upper 11.5 m of the profile, as indicated by the dotted
bars. Neat cement at a 1:1 water/cement ratio was used as theurve shown in Fig. 6. The curve accounts for the estimated fines
grouting agent. A summary of construction parameters used for content of each layer and is representative of conditions where no
the grouting operation is provided in Table 2. The column diam- improvement was usedTlhe solid CRR curve shown in the figure

Jet-Grout Column Construction

eters are smaller and installation speeds fadtester lift rate$ illustrates the effect of improvement due to surcharge fills and
than what is typically associated with most jet-grouting opera- will be discussed laterAs shown, the CSR is higher than the
tions in the United State@\ndrus and Chung 1995 CRR throughout most of the profile, with the factor of safety

Quality assurance and quality contr@A/QC) tests on the against liquefaction ranging from about 0.5 to 0.7, and averaging
completed columns included column integrity tests, pullout tests, about 0.6. This factor of safety typically indicates liquefaction
compression strength tests on core samples, and visual fieldaccompanied by flow of water to the surfaand boil$ and
inspection. Average 7- and 28-day unconfined compressive significant settlements. Because the soil profile is mixed with
strengths from core samples were 2.0 MP80 ps) and 4.8 MPa pockets of sandy and clayey material and the pertinent strata vary
(690 ps), respectively. These values are typical of single-fluid in thickness and fines content across the site, the liquefaction is
jet-grout columns in fine-grained soils. expected to be erratic. Ishihara’s proced(t885 was used to
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0 ' Lo rectly applicable to the ML/CL soils prevalent at the site. More-
1 ] ac = over, the measured settlements in Lot(@improved allowed
+F— = : back-calculations of the apparent earthquake-induced volumetric
2 . Induced CSR 3 strains associated with specific soil strata in the upper 25 m of the
3 3 ;‘ profile. These strain data, which averaged close to 1.0% in the
E 4] MucL 2 upper 9 m, were used to predict the settlements of unimproved
8 ] == soil strata at other areas of the site and surrounding properties.
t 5 Based on the range of thicknesses of the relevant strata, the pre-
§ 64 T T dicted settlements in unimproved ground are on the order of 7-11
3 7_5 CRR = cm for the Parking Garage section and 6—10 cm for the Super-
O B e market area. These are probably upper-bound settlement predic-
g 87 spism tions for nonloaded areas because the measured settlements/
% 93 = strains in Lot C could have been due in part to constant-volume
© 10_' T CRR surcharge shearing distortions induced by the overlying surcharge fill, as
> applied and removed . - . N
- ST opposed to pure volumetric straining; see later discussion.
"y MueL % Soil conditions beneath nearby vacant lots and building sites
12 - cH 7 are thqught to _be similar to those at the shopping center comp!ex.
13 ‘ . In particular, it is believed that the ML/CL and SM strata underlie

much of the surrounding area. Three warehouses are located ad-
jacent to the shopping center building and a set of six-story apart-
ments is located approximately 100 m from the northern bound-

] ] ] ) ] ] . ary of the site. Both facilities are founded on shallow footings and
Fig. 6. Liquefaction analysis results for representative soil condi- unimproved soil. The expected liquefaction and settlement poten-
tions at Carrefour site prior to jet grouting. Dotted cyclic resistance tial at these untreated neighboring sites are assumed to be similar
r_atio curve is fo_r nonsurcharged areas; solid curve indicgtes increaseq0 those of the untreated areas at the shopping complex, and thus
Ilquefact_lon resistance from OCR e.ﬁeCts asso_uated with 3.3-m sur- the expected factors of safety against liquefaction and settlements
charge fill application and removal in the Parking Garage area. are assumed to fall somewhere in the range of 0.6—0.7 and 7—12
cm, respectively(the range of values estimated/observed for the

determine the likelihood of the liquefaction causing surficial Carrefour sité Although rough, these estimates still provide an

ground damage, such as sand boils, and it was found that surfacé’?‘dd't'Onal benchmark for performance comparisons betvyeen
disruption was not likely unless it was assumed that significant trea_ted and u_ntreated ground. A summary of th_e expected lique-
liquefaction (in the conventional sens@ccurred in the ML/CL faction behavior of untreated soils is presented in Table 3.
strata. Also, no significant lateral movements are expected for this
level-ground site.

Finally, it was necessary to predict the liquefaction-induced
settlements in unimproved ground across the site. Although the As discussed earlier, peak ground accelerations during the Ko-
Ishihara and Yoshimin€1992 method could be used to predict caeli EarthquakéM7.4) are estimated at 0.24g for the site. The
settlements of the SM and SM/SP strata, this method is not di- morning following the event, the grouting contractor and site en-
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CSREQ and CRRSOIL

Field Performance during M7.4 Kocaeli Earthquake

Table 3. Summary of Apparent Effectiveness of Soil Treatment During Earthquake

Predicted behavior
without treatment

Apparent effectiveness

Section Treatment uséd Observed behavior of treatment

Supermarket building
(60% complete

Jet-grout columns with
replacementratio of 7%

F.Siign~0.6 Sand boils No structural or ground damage Prevented liquefaction-related
not likely. No sand boils or settlements. damages; reduced cyclic shear

in silty sand and 2%
in other layers.
Surcharge fill 3.3-m
thick applied and
removed. Wick drains
installed. Only 10% of
area jet-grouted.
Wick drains installed.
Surcharge fill 3.3-m thick
in place during
earthquake. No jet
grouting.
None.

Parking garage

Lot C

Adjacent warehouses
and apartment buildings

AH~6-10cm

F.SLign~0.7 Sand boils Settlements of 7-10 cm

not likely. (estimatedl
AH~7-10cm No sand boils.
F.Siign~0.75 Settlements of 10-12 cm

measured.
No sand boils.

(beneath fill
Sand boils not likely.
AH measured, prediction

not needed

F.Siign~0.6-0.7 Settlements of 5-10 cm
AH~7-12 cm} common beneath structures.
(assumey No sand boils.

strains, prevented pore

pressure build up.

Surcharge fills slightly increased
liguefaction resistance. Wicks did
not reduce pore pressures during
shaking, but may have helped
prevent sand boils.

Wicks may have helped prevent
sand boils and nonuniform
settlements during
post-earthquake

reconsolidation.

At time of Kocaeli Earthquake.

bAssuming soil conditions are similar to those beneath Carrefour site.
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gineers conducted a site reconnaissance of the shopping complex
that included a field inspection, with photographs and documen-
tation, and reading of settlement monitoring devices that had been
recently installed in Lot GZetas 1998 Virginia Tech personnel
visited the site several days later and conducted follow-up inspec-
tions of the site, as well as other building sites located nearby. The
findings allowed the rare opportunity to make performance com-
parisons among sites that were in different stages of improve-
ment.

Surcharge fill on Lot C

Supermarket Building—(Jet Grouting =>No Damage)

At the time of the earthquake, the foundations had been pouredFig. 7. Ponding of wate7—10 cm deepat untreated portions of
and a steel framework erected for the supermarket building. It parking structure that was expelled through wick drains following
may be remembered that no preload was used in this section noM7.4 Kocaeli Earthquake. Lot C, under surcharge fill, is visible at
were wick drains installed. Post-earthquake field inspections right rear of inundated area. Photograph taken the morning after the
found no structural damage in the building, and no sand boils or event.

liquefaction-related effects, such as settlements, were found at the
building or in the surrounding lot. The area was visibly un-
changed by the event, and construction of the building continued believed that these fine-grained materials would “liquefy” in a
as scheduled with no repairs necessary. As discussed earlier, ligmanner that would readily produce sand boils.

uefaction was predicted for this section if left unimproved
(F.Siign=0.6), with the primary anticipated damage being
liquefaction-induced settlements of approximately 6—10 cm. The
lack of structural or liguefaction-related damage suggests the jet-
grout columns effectively mitigated the anticipated effects.

It is believed that a main reason the columns were effective is The parking structure had not yet been built and jet-grout column
that they introduced considerable shear stiffness and reducednstallation was just beginning in this section when the earthquake
earthquake-induced peak shear strains to levels below which sig-occurred. Wick drains had been installed and the area surcharged
nificant pore pressures did not develop. To investigate this idea,with a 3.3-m-high fill that had been removed a few weeks before
the authors performed two simple one-dimensional site responsethe earthquake. In contrast to the supermarket area, significant
analyses of the soil profile, one with and one without the esti- settlements occurred in this section. Site personnel reported that
mated influence of the columns, and the results were comparedthe nongrouted portion of the parking structure area was inun-
The Kocaeli time history recorded at the nearby IZT station was dated with 7—10 cm of water that ponded on the ground surface
used as input int®YNAFLOW(Prevost 2002for these analyses.  the morning after the earthquake, as shown in Fig. 7. During field
The first site response analysis was performed using the sheareconnaissance, it became apparent that the water originated from
moduli of the untreated soil based on the measured shear wavehe underlying soil deposit via drainage through the wicks. The
velocities. For this case, the peak shear strains calculated for thenmagnitude of the settlement should have equaled the depth of
strata in the uppe9 m of theprofile were about 1%. Then, as a water ponding on the surface, as the amount of expelled water is
simple first-order approach, the influence of the stiff columns was expected to be reflective of the earthquake-induced volumetric
simulated by assigning higher “equivalent shear moduli” to each change that occurred in the soil profile. The fairly uniform depth
improved layer based on the area and stiffness rétiescolumns of water suggests the settlement was uniform. No sand boils were
were at least 50 to 60 times stiffer in shear than the).sail observed anywhere in the area.
second site response analysis was then run, and the calculated In interpreting the observed behavior, it is important to con-
peak strains fell within the range of 0.01-0.02%, two orders of sider the possible effects of the surcharge fills and the wick drains
magnitude lower than for the untreated case. The threshold sheapn the liquefaction behavior. The surcharge overconsolidated the
strain required for initiation of pore pressure development was not sandy and silty layers to an overconsolidation ratio of 2 to 3.
determined for these soils, but this value is typically in the range From this, we estimated the corresponding increase in liquefac-
of 0.01% for other sanddobry et al. 1982 Thus, although the  tion resistance using the approach presented in Salgado et al.
analysis was simple, the findings suggest that column stiffness(1997. As shown in Fig. 6, only a modest increase in factor of
may have played a major role in mitigating liqguefaction damage safety is predicted, from 0.6 without the fill to slightly more than
by inhibiting pore pressure development in the uppen during 0.7 with the fill. Thus, the surcharge fills apparently played only a
the Kocaeli event. Detailed numerical studies using a more robustminor role in reducing the liquefaction susceptibility of the sand
model are needed to further investigate this issue. stratum.

The possibility must also be considered that liquefaction, or at It is not clear what role the wick drains played in the observed
least significant pore pressure development, could have occurreehavior. It was initially thought that the wick drains may have
in the soils beneath the shopping center, but the jet-grout columnshelped prevent liquefaction, as defined iy= 100%, by provid-
provided sufficient support to prevent settlements. The absence ofing partial drainage during the event. But a preliminary analysis
sand boils in this area does not necessarily indicate that liquefac-[as per the basic approach outlined in Seed and BoG&#7)
tion did not occur because the capping layer is too thick and the and Mesri and Shahie(2001)] that considered the soil perme-
liquefiable layer too thin to cause surficial ground disrupti@ii- ability, drain spacing(2.5 m), and flow capacity of the drains,
though the ML/CL and/or CH materials apparently suffered indicates that the flow capacity of the wicks was many orders of
strength loss and softening beneath the fill in Lot C, it is not magnitude too low to have been effective in preventing significant

Parking Structure Area—(Surcharge Fill, Wick
Drains, No Jet Grouting =>Liquefaction-Related
Settlements)
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Fig. 8. Soil conditions near SE2 in Lot Qnimproved soilswhere

settlements were measured. Fig. shows positions of settlement rings, . o .
soil layers A—E, and CPT results. each layer is noted in Fig. 9. The earthquake-induced settlements

indicated in the figure occurred in less than 24 h, the elapsed time
between the reading of the instruments the day before and morn-
pore pressure buildup during shaking in these low-permeability ing after the earthquake. As can be seen, the total earthquake-
soils. It was also initially thought that the drains helped to prevent induced settlement of Lot C was about 12 cm, and it was surpris-
surface disruption by providing a controlled drainage path during ing that a significant percentage of the settlement was attributed
reconsolidation of the sand stratuine., no sand boils formed to the clayey and silty strata. Layer A, which con&i2 m of
although significant settlements occunre®revention of sand  medium dense unsaturated filGC) and 3 m ofsoft saturated
boils would have also kept the settlements more uniform. While ML/CL material, experienced a settlement of 2.5 cm. The grav-
the drains may have been effective in this regard, the level of elly fill is not believed to have contributed significantly to the
effectiveness is somewhat moot because Ishihara’s relationshipmeasured settlements. Layer B contains 1.5 m of cleaner SM
predicted that soil boils were unlikely to occur in this section. material ad 3 m of theML/CL soil. The measured settlement in
this layer was 3.5 cm. The average apparent volumetric strain in
these upper layers was about 0.8%. Unexpectedly, the balance of
the settlement, nearly 6 cm, was associated with the underlying
materials classified as CHayers C, D, and Eand reaching to a
Similar to the parking garage area, Lot C was surcharged with 3.3depth of more than 20 m, especially layer C, which underwent 3.6
m of fill and wick drains were installed. The fill was still in place cm of settlementapparent volumetric strain of 0.9%A defini-
at the time of the earthquaksee fill in background of photograph  tive explanation as to how these fine-grained soils could have
in Fig. 7). To monitor settlements in the clayey soils due to the experienced such rapid settlements cannot be given at this time. It
fill, settlement extensometers were installed at three locations inis suspected that the settlements are due to earthquake-induced
Lot C (SE1, SE2, SE3 in Fig.)2The extensometers consisted of strength loss/softening and subsequent constant-volume shearing
plastic guide pipes 5 cm in diameter with a set of magnetic rings distortions due to the overlying fill. It is possible, too, that the
that slid down along the outside of the fixed-in-place pipes as the instruments malfunctioned and some of the settlement readings
soil profile settled. The positions of the magnetic rings were mea- were in error; however, we have not yet been able to conceive of
sured daily to determine the settlement at specific elevationshow any such malfunctions could have occurred.
within the soil profile. It is fortuitous that these devices were in To our knowledge, this type of earthquake-induced settlement
place during the earthquake. Fig. 8 shows the elevations of the sixmeasurement was not possible previously, and provides a unique
settlement rings installed at SE2, and Fig. 9 shows the measuredpportunity to better understand the behavior of these soils under
settlement versus time. The behavior at this location is represen-strong ground shaking. The observations are also important, first,
tative of that observed at the other extensometers. because apparent liquefaction-type behavior was demonstrated
Of particular importance is the sudden offset in the curves for an ML/CL material that was considered “nonliquefiable” by
following the Kocaeli Earthquake on August 17, 1999. By com- virtue of |, values>2.6 from the CPT and failure to meet the
paring pre- and post-earthquake readings, the settlements assocthinese criteria by virtue of a clay-sized fraction greater than
ated with the earthquake could be estimated for each ring loca-15%. Thus, clay-sized fraction arld values may not be appro-
tion. And by subtracting the settlement of a given ring from that priate indicators of liquefaction potential in some cases. Secondly,
of the ring located immediately above, the settlement attributed to although further study is needed, it appears that the CH materials
the portion of the soil profile situated between the two rings could were also susceptible to at least some percentage of strength loss
be obtained. As such, the profile was divided into five sections and softening under strong ground shaking—an unexpected and
(layers A though E and the earthquake-induced settlement of surprising possibility.

Lot C Area—(Wick Drains, No Jet
Grouting =>Liquefaction-Related Settlements)
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Finally, the surcharge fill was still in place and would have this site suggests that similar applications of small-diameter high-
masked any surficial ground disruption; however, no sand boils modulus columns could prove useful at other sites where the soils
were found on the ground surface along the edges of the filled are soft and mixed and liquefaction is of concern.
area. The wick drains are thought to have drained water from the ~ Of particular importance, the writers suspect that high-
underlying deposit due to earthquake-induced excess pore presmodulus columns may in some cases offer added benefits over
sure development, similar to what occurred in the parking garage,stone columns in mixed and “dirty” soils that have low perme-
but the fill prevented direct observation of expelled water. The abilities (and do not drain rapidlyand are difficult to densify,
liquefaction behavior of these materials is the subject of ongoing especially in terms of reducing post-earthquake reconsolidation
detailed study by the writers. settlements. Also, jet-grout column installation does not densify
the surrounding ground, as the improvement is solely from the
strength and stiffness of the colum(@nd/or encapsulation of the
liquefied material in cases where this approach is usad a
result, jet grouting can be used in situations where densification of
To provide additional performance comparisons between treatedthe surrounding ground is not desirable owing to the need to
and untreated ground, properties adjacent to the shopping cente@void settlement during installation. It is also important to note
site were reconnoitered following the earthquake. Based on soilthat high-modulus columns of the type constructed using jet
borings and CPTs in this general area, it is probable that thegrouting can also be constructed using other installation tech-
ML/CL and SM strata underlying the shopping center also under- hiques that might be more economical in some cases, such as wet
lie the surrounding sites. Liquefaction-related effects were com- Soil mixing. Thus, the demonstrated effectiveness of the jet-grout
mon in unimproved soils in the immediate vicinity. Based on columns at this site has relevance to other techniques whereby
visual inspection by Virginia Tech personnel, the apartment build- ground reinforcement via stiff columns can be achieved.
ings across the street commonly settled 5-10 cm, and the ware- The application and removal of surcharge fills probably had
houses just outside the property boundary settled about 5 cm. Noonly a minor effect on increasing the liquefaction resistance of the
sand boils were observed at either of these locations. For the mosgoils. Also, the wick drains probably did not play a significant role
part, the underlying soils appeared to develop pore pressuresin reducing pore pressures during shaking, but may have helped
soften, and settle beneath the structures, but did not exhibit theprevent surficial ground disruption and/or contribute to settle-
liquefaction behavior normally associated with cleaner sands. ~ ments being more uniform. Finally, the surprising liquefaction-

type behavior of the ML/CL soils, and apparently the CH mate-
rials, underscores the need for further research on these materials.

Other Building Sites Nearby (No Soil
Treatment = Settlements and Damage)

Discussion of Soil Improvement Effectiveness

As shown in Table 3, the comparison of field behavior among the )
treated and untreated areas was used to gauge the effectiveness stimmary and Conclusions
soil treatment in mitigating earthquake-related damages. AlthoughThe Carrefour Shopping Center, a 55,000-complex in lzmit,
the presence of fine-grained soils and highly variable conditions Turkey, was being built at the time of the M7.4 Kocaeli Earth-
complicated the liquefaction analysis, the behavior observed atquake on August 17, 1999. Estimated peak ground accelerations
the unimproved sections of the shopping complex and adjacentduring the earthquake were 0.24g. Soft and liquefiable saturated
building sites was reasonably consistent with what was predictedalluvial sediments underlie the site, and the structures are sup-
for the Kocaeli Earthquake loading. More importantly, there was ported on shallow footings and mats. Soft clays and silts had been
a clear distinction between the earthquake-related damage in themproved using surcharge fills and wick drains, and small-
untreated areas and the lack of damage in the jet-grouted sectiondiameter(0.6 m) high-modulus jet-grout columns were used to
It is believed that the stiff close-to-moderately-spaced columns increase bearing support for shallow foundations and reduce the
reduced shear strains and restricted pore pressure development iliquefaction potential of a 3-m-thick silty sand layer. The main
the uppe 9 m of thesoil profile. In fact, the columns may have shopping center building was partially built, and only the area
been more effective than initially credited because only the 3-m- beneath the footprint of the building and a small portion of the
thick SM stratum was considered liquefiable during design, and parking garage had been jet-grouted when the earthquake struck.
only this layer was treated during secondary grouting; however, Post-earthquake field reconnaissance, along with settlement moni-
measurements from Lot C indicate that all saturated strata in thetoring devices installed in adjacent Lot C, made possible the per-
uppe 9 m of theprofile contributed to earthquake-related settle- formance comparison between jet-grouted sections and adjacent
ments, especially the ML/CL strata. Even if significant pore pres- untreated areas. The jet-grout-treated sections showed no damage,
sures had developed in or migrated to the upper soils during thebut the untreated areas of the site, along with other nearby un-
earthquake, as long as the jet-grout columns maintained structuratreated sites, commonly experienced settlements of 10-12 cm.
integrity, their higher stiffness should have significantly reduced The jet-grout columns were effective in reducing liquefaction-
post-earthquake reconsolidation settlements. related damages in the treated areas.

As mentioned earlier, the jet-grout columns used for this A number of important points are summarized:
project were of smaller diamet€d.6 m) and constructed usinga 1. The jet-grout columns used at this site were of smaller di-

faster installation procedure relative to most U.S. jet grouting ameter(0.6 m and installed using a faster lift raté0 cm/
operations. The replacement ratio was about 7% in the lower SM min) relative to what is typical in the United States. The
stratum, and 2% in the ML/CL strata located above and below replacement ratio was 7% in the silty sand and 2% in all
this layer. Also, the liquefaction mitigation approach used for this other strata within the top 9 m. Also, the approach of using
project is distinguished from the more common encapsulation ap- close-to-moderately-spaced high-modulus columns to miti-
proach of constructing rows of contiguous columns to form cells gate liquefaction at this site is distinguished from the more
to contain liquefied materiali.e., Welsh and Burke 1991, common approach of constructing rows of contiguous col-
O’'Rourke and Goh 1997The success of the ground treatment at umns to form cells to contain liquefied material.
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2.
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