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Abstract 

In liquefaction, the strength of the soil decreases and, the ability of a soil deposit to support structure 
foundations for buildings and bridges is reduced. One of the major factors of lifeline damage in 
earthquakes is ground failures caused by liquefaction ofloose, saturated cohesionless soils. Its effects are 
most commonly observed in low-lying areas near bodies of water such as rivers, lakes, bays, and oceans. 
For example, horizontal ground displacement damaged many pipelines, bridges, roads, and buildings 
during the 1906 San Francisco,California, earthquake. Nowadays several ground improvement techniques 
have been widely used to reducing liquefaction hazards by improving the strength, density, and/or 
drainage characteristics of the soil. This paper, present application of jet grouting technique as a most 
commonly ground improvement method that used to prevent liquefaction for the construction of new 
buildings or other structures, in Izmir, Turkey as a case study. 
Keywords:  Liquefaction, Static settlements, Soil Improvement, Jet Grouting Method. 
 

1. INTRODUCTION  
 
Liquefaction is a phenomenon in which the strength and stiffness of a soil is reduced by earthquake shaking 
or other rapid loading. Liquefaction and related phenomena have been responsible for tremendous amounts 
of damage in historical earthquakes around the world. However, earthquake shaking can cause the water 
pressure to increase to the point where the soil particles can readily move with respect to each other. 
Liquefaction occurs in saturated soils, that is, soils in which the space between individual particles is 
completely filled with water. Therefore because liquefaction only occurs in saturated soil, its effects are most 
commonly observed in low-lying areas near bodies of water such as rivers, lakes, bays, and oceans. 

The design and the implication of high modulus columns in foundation subsoils to mitigate 
liquefaction hazard in seismically active areas were applied in Turkey since 1995. The 17 August 1999 
Kocaeli Earthquake gave the unique opportunity to evaluate the performance of improved sites by the 
described procedure and compare their performances with respect to unimproved nearby sites [1]. 

In recent years, in izmir city of turkey which located in the near of aegean sea, has seen a rapidly 
increasing number of high-rise buildings and massive civil engineering facilities being constructed in alluvial 
or reclaimed low-lying areas. The ground soils in these areas are mainly soft with a high water table level 
located close to the ground surface. This study, present application of jet grout columns technique as a most 
commonly ground improvement method that used to reduce static settlements and prevent liquefaction for the 
construction of new buildings or other structures, in Izmir, Turkey . 

 
 

2. LIQUEFACTION HAZARDZ AND SOIL IMPROVEMENT  

 
One of the most dramatic causes of damage to structures during earthquakes is the occurrence of liquefaction 
in saturated sand deposits. Loose sand tends to contract under the cyclic loading imposed by earthquake 
shaking, which can transfer normal stress from the sand matrix onto the pore water if the soil is saturated and 
largely unable to drain during shaking. The result is a reduction in the effective confining stress within the 
soil and an associated loss of strength and stiffness that contributes to deformations of the soil deposit. 
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There are basically three possibilities to reduce liquefaction hazards when designing and constructing 
new buildings or other structures as bridges, tunnels, and roads. 

• Avoid Liquefaction Susceptible Soils 
• Build Liquefaction Resistant Structures 
• Soil Improvement 
Nowadays several ground improvement techniques have been widely used to reducing liquefaction 

hazards by improving the strength, density, and/or drainage characteristics of the soil.  
The main goal of most soil improvement techniques used for reducing liquefaction hazards is to avoid 

large increases in pore water pressure during earthquake shaking. This can be achieved by densification of 
the soil and/or improvement of its drainage capacity. Soil improvements involves mitigation of the 
liquefaction hazards by improving the strength, density, and/or drainage characteristics of the soil. This can 
be done using a variety of soil improvement techniques. Some of the more common soil improvement 
method are listed in Figure.1 which shows the range of soil grain sizes in which the methods are likely to be 
reasonably effective (Mitchell2008).  
 

 
Figure 1. General applicability of ground improvement methods for soils of various 

                  grain-size distributions (Mitchell 2008, with permission from ASCE) 
 

 

3. JET GROUTING TECHNIQUE  
 
One of the most commonly soil improvement method is Jet-grouting technique that improves the mechanical 
characteristics of the soil. With development of technique and by experimental works, it was used in function 
of column and anchors construction during last ten years. The soils were improved with jet grouting method 
to increase the bearing support for shallow foundations and reduce liquefaction potential considering the high 
seismic activity of the region.  
           Jet grouting involves mixing and partial replacement of in-situ soils with cementitious grouts, but the 
mixing is accomplished by high-pressure jets of air, water, and/or grout e.g. [3].  
Figure 2. illustrates how jet grouting can produce soil-cement columns. The different kinds of jets are 
combined by using single, double, or triple tube grouting techniques. 
  

 
 
 
 
 
 
 
 
 
 
 
                            

Figure 2. Schematic execution of jet grouting technique 
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For each injection point, the following steps are carried out: 
1- The rig is positioned at the drilling location; 2- A small diameter hole is drilled (70 to 120 mm) through 
the layer of soil requiring treatment; 3- Grout is pumped through the rod with a very high flow (200 to 400  
L/min) and high velocity using a high pressure pump and exits through one or several small diameter 
injection nozzles (1 to 10 mm) installed on a monitor at the tip of the drilling rod (diameter 70 to 120 mm); 
4- Slow withdrawal of the tool with rotation of the drilling rod for column formation and no rotation for 
panel formation. 
During Jet-Grouting, the excess volume of soil grout slurry mix are pushed  to the surface and these spoils 
need to be regularly removed from the working platform.  
          An advantage of jet grouting is that it can be performed in low- overhead areas, such as around existing 
facilities, and it can target liquefiable layers of limited thickness at some significant depth. Other general   
advantage of  jet  grouting is that presence of underground water doesn`t impact to the quality of works and it 
is very effective in cohesionless soil and cohesive soil of low plasticity. 
 

4. FIELD LOCATION   
 
Izmir, historically Smyrna, is the third most populous city of Turkey and the country's largest port after 
Istanbul. It is located in the Gulf of Izmir, by the Aegean Sea, see Figure 3. The Field of this study is located 
in Karsıyaka district in about 300 m2 area .  

 

        
Figure 3. Field location plan in Izmir city 

 
 
            Regional geology description : According to some scientists, Izmir Bay was formed by normal faults 
at the end of the Neogene or probably in Middle Pleistocene. Terraces located on the shore and in the valley 
suggest that the movements continued also in the Quaternary. Periodic sea level oscillations caused 
conglomerate, sandstones-marl and limestone alternations. But the greater thickness of limestones suggest 
that the marine environment continued in a longer period [4]. 
           Seismicity : There are serious natural hazard risks in Izmir, which is a metropolis and third largest city 
of Turkey. Flood, earthquake, landslide and rock fall hazards have damaged to Izmir built up zone many 
times in the past. Especially, earthquake risk  increases the hazard probability [5]. The Aegean-Anatolian 
region is one of the most seismically and tectonically active areas within Europe and is characterized by 
significant seismic hazard. Izmir belongs to the first-degree hazard zone in the official Earthquake Hazard 
Regionalization Map of Turkey and is a very active seismic region in the Aegean. There are several fault 
lines in Izmir and the whole city is included in the risk zone but some areas on the seaside, like Karsıyaka 
shore are located within the first degree risk zone and have a liquefaction potential because of  poor soil 
layers and low-lying water level, see Figure 4. 

 
 

 
 
 
 
 
 
 
 
  

Figure 4. Izmir city liquefaction potential map 
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5. FIELD INVESTIGATIONS   
 
A study of local site geology is an essential part of characterizing the nature and possible extent of soils that 
are susceptible to liquefaction at a specific site. The extent or degree of liquefaction depends on the 
distribution of cohesionless sediments (gravels, sands, and very low- plasticity silts) within the deposit and 
requires a sufficiently high water table for the sediments to be largely saturated [2]. 
           In order to obtain geotechnical data in the construction area, geotechnical and geological field tests 
and laboratory experiments have been carried out. For this project the soil investigations included three 
boreholes. Boreholes are carried out using wash- boring and rotary coring techniques to a maximum depth of  
30.00 m and in order to determine the engineering parameters of the existing soil Standard Penetration Tests 
(SPT) experiments were performed with rotary drilling method, see Figure 5.   
           Boreholes are carried out using wash-boring and rotary coring techniques and during drilling disturbed 
(SPT) and undisturbed (UD) samples were taken and in order to determine strength parameters and 
Classification of soil layers laboratory tests were carried out on samples taken. During Boreholes the average 
groundwater level determined at a depth of 1.0 m, below the ground surface. 
 

       
Figure 5. Boreholes and geological section 

 
 
           Various experiments such as specific gravity, water content, sieve soil analysis, dry and natural 
density and  atterberg limits , were performed on a core samples that taken from the different levels during 
drilling and according to average results of laboratory tests the ideal geotechnical soil profile determine as 
shown in table 1. 
 

Table 1- Laboratory tests results of undisturbed (UD) samples   

Depth (m) Soil Type 
SPT 

(N30)ave 

Unit 
Weight 

Wn(gr/cm3) 

Water 
Content 

% 

Atterberg Limits 
Sieve Soil 
Analyse 

LL % PL % PI % ,+10" ,-200" 

0.00 to 1.00 Embankment 
Not 

Available 
-  -  - - - - - 

1.00 to 6.00 Sandy Clay 3 1.86 42.20 30 20 10 0.00 61.20 

6.00 to 11.00 Sandy Silt 8 1.91 36.20 - NP - 0.00 61.20 

11.00 to 20.00 Silty Sand 18 1.78 31.50 - NP - 1.10 41.70 

20.00 to 30.00 Stiff Clay 35 1.89 47.30 43 24 19 0.00 91 

 
 

6. LIQUEFACTION ANALYSIS 
 
When saturated soil is subjected to seismic shaking, densification leads to a reduction in pore volume. If this 
happens more rapidly than the pore water can flow out of the compressed voids, pore water pressure 
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increases. When the excess pore pressure generated in this manner is equal to the initial effective stress, the 
inter-granular effective stress will be negligible and the soil is said to be liquefied. The degree of the rise in 
the excess pore pressure can be defined by the excess pore pressure ratio ( 

ur  ) : 

'
0v

u

u
r






                                                                                                                                                         (1)    

Where u  is excess pore pressure and '
0v

  the  initial effective stress. 

           When loos sands become fully liquefied ( 1ur ), they can sustain large shear strain (flow) at constant 

volume [7]. Several empirical methods have been proposed for evaluating the likelihood that a soil deposit 
will liquefy in an earthquake. The extent to which liquefaction is expected to occur in given soil profile is 
often accomplished from SPT or CPT tests and empirical correlations. One of the most commonly used 
method is that of Seed and Idriss (1971), which in its current from can incorporate the effects of soil is 
overburden and fines content and can be used whit both SPT-N value and CPT tip resistance (qc) [6].  
           Another method to determination of liquefaction susceptibility that used in this study is NCEER 
procedures. In 1996 a workshop sponsored by the National Center for Earthquake Engineering Research 
(NCEER) was convened by Professors T. L. Youd and I. M. Idriss with 20 experts to review developments in 
the empirical analysis of liquefaction resistance [8]. Like most empirical methods for liquefaction 
assessment, the NCEER method is derived from SPT data acquired at sites experiencing liquefaction in past 
liquefaction. This method using SPT-based liquefaction correlations between normalized SPT N–value (N1)60 

and CRR.  
           According to the procedure of  NCEER and NCEER/NSF Workshops the Cyclic Stress Ratio is 
calculated on basis of the following relationship (Youd et al. 2001): 

MSF
CSR

CRR
SF Liq .).( .                                                                                                                                  (2) 

Where CRR  is Cyclic Resistance Ratio and CSR  is Cyclic Stress Ratio. 
In this project susceptibility of soil liquefaction has been determined according to EN 1998- 

(Eurocode 8), where the factor of safety base is F.S Liq.=1.25 and liquefaction potential was evaluated as : 
F.S Liq < 0.95   … ………..   High Liquefaction Potential 

F.S Liq = 0.95 – 1.25………  Critical Liquefaction Potential 

F.S Liq > 1.25  … …………  Low Liquefaction Potential 

           According to Table 2.  it is shown that during an earthquake, saturated low plasticity sandy clay, non-
plastic sandy silt and non-plastic silty sand layers have a high liquefy  potential with average factor of safety     
F. SLiq.= 0.49  for an earthquake accelerations of about 0.40 g and Mw=7.5 based on the methodology outlined 
in the 1996 NCEER workshop proceedings. Therefore in order to reduce liquefaction potential it is needed to 
improve the characteristics of the soil layers between 1.00 m to 20.00 m by using one of the soil 
improvement techniques. 
 

Table 2- Liquefaction potential analysis (Before improvement) 

Depth (m) Soil Type 
SPT 

(N30)ave 
(N1)60 ,-200" % MSF CSR CRR7.5 F.SLiq. 

Liquefaction 
Potential 

1.00 to 6.00 Sandy Clay 3.00 2.00 61.20 1.440 0.464 0.091 0.28 HIGH 

6.00 to 11.00 Sandy Silt 8.00 6.00 61.20 1.440 0.464 0.133 0.41 HIGH 

11.00 to 20.00 Silty Sand 18.00 10.00 41.70 1.440 0.340 0.181 0.77 HIGH 

20.00 to 30.00 Stiff Clay 35.00 16.00 91 1.440 0.302 0.277 1.32 LOW 

 
 
7. SOIL IMPROVEMENT 
 
The first Simplified Method of (Seed and Idriss 1971) based on the performance of ground during Alaska and 
Niagata 1964 earthquakes, were modified and further refined over the years, such as (Seed and Idriss 1982)- 
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EERI, (NCR 1985) , (Youd 2001)-ASCE. All of the methods give the factor of safety against liquefaction as 
Eq. 2. 

Based on the depth and the magnitude of the design earthquake, the variation of CRR with depth could 
be determined using the above references. Similarly, utilizing soil resistance data in the form of SPT blow 
counts, or/and CPT unit tip and skin resistances or/and, shear wave velocities and their variation with depth, 
the variation of CSR with depth could also be estimated. Therefore, the change of F.S against liquefaction 
with depth could be determined [1]. The cyclic resistance ratios in the above references are obtained based on 
the site observations with a specific earthquake magnitude of M=7.5. Therefore, these values are modified 
using MSF=magnitude scaling factors as: 

MSF
SCSR

CRR
SF

R

JGLiq .
.

.).( 5.7
                                                                                                                       (3) 

Where 
RS  is reduction factor. 

The utilization of high modulus columns against liquefaction and the related design procedure was 
studied earlier, and was reported in (Ozsoy and Durgunoglu 2003) although the early applications of the 
method goes back to 1995 in Turkey. Unit cell approach , has been used as an approximation in order to 
separate the shear forces taken by the column and the surrounding in-situ soil within the unit cell [9]. Using 
the strain compatibility between the soil and the high modulus column the following relationship has been 
developed for the reduction factor, 

RS  

)).1(1(

1

rr

R
aG

S



                                                                                                                                   (4) 

Where 
ra  and 

rG  are the area replacement ratio and shear modulus ratio of improved soil respectively. 

           The variation of reduction factor SR= f(
ra ,

rG ) of Eq. 4. is given in Figure 6. The 
rG  defined as shear 

modolus of jet grouted column divided by shear modolus of in-situ soil. The 
rG  range of 10-150 values are 

utilized in the Figure 6. It could be seen that area replacement ratio of 
ra = 5-10% will be effective to obtain 

reduction factor of nearly SR(%) 10-60. Since, the factor of safety is inversely proportional with SR, a great 
increase in factor of safety could be obtained based on the specific values of modulus, and area replacement 
ratios [1]. 
 

       
Figure 6. Variation of area replacement ratio with CSR (Ozsoy and Durgunoglu 2003). 

 
 

In the field study decided to improve soil layers against liquefaction by using jet grouting technique as 
a feasible solution to reduce liquefaction potential considering the high seismic activity of the region. In 
order to improve the soil under foundation considering to shear force and axial load capacity of column, 
preliminary design assumed 80 cm column diameter and spacing at SH =2.50 m and SV=2.00 m  center to 
center for an average area replacement ratio of 

ra = 0.1005 , see Figure 7.  

1005.0
)0.25.2.(4

)80.0.( 2







A

A
a J

r

                                                                                                             (5)                                                            

Where 
JA  and A are the cross setional of the jet grouted column and area of unit cell respectively. 

 



                                  2nd Iranian Conference on Soil Mechanics and Foundation Engineering 
The Qom University of Technology, Qom, Iran 

14-15 October 2015 
 

 7

 
Figure 7. Jet grout application plan of field 

 
 

In addition, it was required in the technical specification that the average unconfined compressive 
strength has to exceed 2.5 MPa (25 kg/cm2) based on six separate tests from any selected jet grout column. 
However, the design and technical specifications permitted calibration and verification of the jet grouting 
scheme prior to commencement, based on the preliminary trial testing.  
           According to Table 3. it is shown that average factor of safety in liquefy layers  improved to        
F.Sliq= 2.85.          
 

Table 3- Liquefaction potential analysis (After soil  improvement) 

Depth (m) Soil Type 
SPT 

(N30)ave 
(N1)60 ,-200" % MSF CSR CRR7.5 SR (FSliq)JG

Liquefaction 
potensial 

1.00 to 6.00 Sandy Clay 3.00 2.00 61.20 1.440 0.464 0.091 0.090 3.14 LOW 

6.00 to 11.00 Sandy Silt 8.00 6.00 61.20 1.440 0.464 0.133 0.160 2.58 LOW 

11.00 to 20.00 Silty Sand 18.00 11.00 41.70 1.440 0.340 0.181 0.270 2.84 LOW 

 
 
8. CONCLUSIONS  
 
Depending upon the shear modulus ratio, between jet grouted column and soil, it was found that stress  
reduction coefficient changes with area replacement ratio. Cyclic stress ratio (CSR) after  ground 
improvement is calculated by multiplying stress reduction coefficient with CSR before treatment. Thus, it 
was possible to calculate the area replacement ratio required to reach the intended factor of safety [10]. 

In summary, it was shown that using of jet grout columns increases shear strength of  weak soil and   
therefore reduces the risk of liquefaction. Jet grouting is suitable method to underpinning of existing 
foundation to improve the strength of liquefiable soil but it neither stiffen the ground nor reduce shear 
stresses of soil. Jet columns provide bearing support and reduce settlement if liquefaction is limited to a 
specific zone. 
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