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ABSTRACT 
Jet grouting is a geotechnical method of ground improvement to increase shear strength and 
stiffness of soils by means of in-situ geometries of grouted soil, such as panels or columns. 
Some of the most common jet grouting applications are foundation restoration, excavation 
support and sealing. It is only vaguely possible to control the column diameter during the 
grouting process. Therefore, an excavation of a test column and a visual examination is a 
general practice after installation. Excavation is often impossible, especially under complex site 
conditions, such as a high ground water table. As part of a research project, borehole seismic 
measurements (crosshole, downhole and tomography) were proposed as a new quality control of 
the column’s diameter in-situ and to monitor the time dependent effects of the jet grout 
injection. The technique was tested at a testing site in Berlin (Germany) and in the framework of 
an ongoing grouting project in Passau (Germany). 
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INTRODUCTION 
The jet grouting process works with a high kinetic energy jet of fluid to loosen and mix 
the in-situ soil with a cement suspension. Columns are generated by rotating and raising 
a drill stem. The purpose of the research project was to develop a seismic borehole 
method for quality control needed to verify the grouting process and to determine the 
diameter of a grouted column. In order to test the new method boreholes have been 
installed with grouted columns in between at the BAM testing site in Berlin (Germany) 
and in Passau (Germany). In both cases, seismic field surveys were conducted before 
and after the jet grouting process at different hardening stages. The acquired seismic 
crosshole data show traveltime differences which allow the determination of the column 
diameter. Additionally, seismic tomograms were measured at the BAM test site to 
image the influences of the jet grout injection on the soil over time. 

 
METHODOLOGY  
The calculation of the column diameter Dcol is based on the assumption that the 
traveltime of the seismic wave propagating from one borehole to the other is the sum of 
the traveltime in the column and in the natural soil. The calculation requires the distance 
between the boreholes dBH, the velocity vsoil of the natural soil without the column, the 
mixed velocity of soil and column vmean and the velocity of the grout column itself vcol. 
The velocity vsoil is taken from the measurement of the natural soil before the injection 
process starts and is described in the following as “reference state”. The “mixed state” is 
measured after the injection process. A downhole test is performed in a borehole placed 
in the middle of the column directly after grouting to measure the velocity of the 
column Vcol (Figure 1). The diameter can be calculated by the following equation:  

 

Dcol =
dBH vcol

vsoil vcol
�

vsoil

vmean
1� 
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Eq. 1 

Figure 1. Measuring principle for determination 
 

FIELD TESTING 

In order to evaluate the new seismic quality control method a test field has been 
performed at the BAM testing site south of Berlin. Four 15 m deep boreholes have been 
drilled, with a center borehole and three surroun
m distance. Three jet grouted columns have been installed half way from the center 
borehole BH1 to the three outer boreholes (Figure 2). A first survey was carried out to 
acquire field data for the reference state. Ad
injection process within the first day as well as 7 and 28 days later. In order to generate 
high frequency seismic signals an electromechanical impulse source type BIS
used. A hydrophone string with a sen
resolution. Data were recorded by a seismograph. Deviations of all boreholes were 
measured. 

 

 
Figure 2. Field set-up (left). Sketch of borehole and column locations and seismic sections (right).

 

Within this paper column (Col2) was chosen as an example. In order to calculate the 
column diameter the picking of first arrival traveltimes of seismic waves was required 
for each parallel source-receiver position of the reference state data set and for the data
set gathered for example 28 days after the injection process. According to Wesche 
(1993) the cement suspension reaches the expected final strength after 28 days. Figure 3 
shows the traveltime curves for the reference state (black line) and the mixed state
line). After 28 days a substantial decrease of traveltimes between 4.5 and 10.5 m can be 

                                    1395اردیبهشت  23-21-هفدهمین کنفرانس ژئوفیزیک ایران

  

 

 
. Measuring principle for determination of the column diameter.

In order to evaluate the new seismic quality control method a test field has been 
performed at the BAM testing site south of Berlin. Four 15 m deep boreholes have been 
drilled, with a center borehole and three surrounding boreholes in 120° intervals and 3 
m distance. Three jet grouted columns have been installed half way from the center 
borehole BH1 to the three outer boreholes (Figure 2). A first survey was carried out to 
acquire field data for the reference state. Additional surveys followed directly after the 
injection process within the first day as well as 7 and 28 days later. In order to generate 
high frequency seismic signals an electromechanical impulse source type BIS
used. A hydrophone string with a sensor spacing of 0.5 m was used to reach a sufficient 
resolution. Data were recorded by a seismograph. Deviations of all boreholes were 

up (left). Sketch of borehole and column locations and seismic sections (right).

this paper column (Col2) was chosen as an example. In order to calculate the 
column diameter the picking of first arrival traveltimes of seismic waves was required 

receiver position of the reference state data set and for the data
set gathered for example 28 days after the injection process. According to Wesche 
(1993) the cement suspension reaches the expected final strength after 28 days. Figure 3 
shows the traveltime curves for the reference state (black line) and the mixed state
line). After 28 days a substantial decrease of traveltimes between 4.5 and 10.5 m can be 
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this paper column (Col2) was chosen as an example. In order to calculate the 
column diameter the picking of first arrival traveltimes of seismic waves was required 

receiver position of the reference state data set and for the data 
set gathered for example 28 days after the injection process. According to Wesche 
(1993) the cement suspension reaches the expected final strength after 28 days. Figure 3 
shows the traveltime curves for the reference state (black line) and the mixed state (red 
line). After 28 days a substantial decrease of traveltimes between 4.5 and 10.5 m can be 
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observed indicating the presence of the column (Figure 3, left). The calculated diameter 
varies between 1.1 and 1.4 m based on a velocity of 3.3 km/s for the gro
determined by the downhole test and verified by laboratory ultrasonic experiments.

 

 
Figure 3. Measured traveltimes for Col2 (left). Calculated column diameter (right).

Seismic tomography was used to visualize possible velocity changes o
time. In general, the tomography method performed with the given source and receiver 
configurations does not provide sufficient resolution for imaging vertical structures. 
Therefore, constraints had to be applied during the inversion proc
information. The general depth and the calculated mean diameter obtained from the 
crosshole test can be used to set geometrical and velocity constraints to perform a 
tomographic inversion, described in the following. Tomograma were
the Simultaneous Iterative Reconstruction Technique (Dines and Lytle, 1997). The 
reference state was taken as a start model to calculate tomograms 3.5 hours, 7 days and 
28 days after the injection (Figure 4). Application of constraints en
define cells in which seismic velocities remain constant and cells in which seismic 
velocities can vary (Santamarina & Fratta, 1998). The tomogram after 3.5 hours shows 
that injection leads to a slight decrease of seismic velocities in a 
and 8 m. Within the first 7 days the velocity increase inside the column is substantial 
while between 7 and 28 days the velocity changes are only marginal. This suggests that 
a sufficient strength of the cement is certainly reached a

mixed 
state 
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observed indicating the presence of the column (Figure 3, left). The calculated diameter 
varies between 1.1 and 1.4 m based on a velocity of 3.3 km/s for the gro
determined by the downhole test and verified by laboratory ultrasonic experiments.

Measured traveltimes for Col2 (left). Calculated column diameter (right).
 

Seismic tomography was used to visualize possible velocity changes of the column over 
time. In general, the tomography method performed with the given source and receiver 
configurations does not provide sufficient resolution for imaging vertical structures. 
Therefore, constraints had to be applied during the inversion procedure using all a
information. The general depth and the calculated mean diameter obtained from the 
crosshole test can be used to set geometrical and velocity constraints to perform a 
tomographic inversion, described in the following. Tomograma were 
the Simultaneous Iterative Reconstruction Technique (Dines and Lytle, 1997). The 
reference state was taken as a start model to calculate tomograms 3.5 hours, 7 days and 
28 days after the injection (Figure 4). Application of constraints enables the user to 
define cells in which seismic velocities remain constant and cells in which seismic 
velocities can vary (Santamarina & Fratta, 1998). The tomogram after 3.5 hours shows 
that injection leads to a slight decrease of seismic velocities in a depth between around 5 
and 8 m. Within the first 7 days the velocity increase inside the column is substantial 
while between 7 and 28 days the velocity changes are only marginal. This suggests that 
a sufficient strength of the cement is certainly reached after 7 days. 

reference 
state 

mixed 
state
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observed indicating the presence of the column (Figure 3, left). The calculated diameter 
varies between 1.1 and 1.4 m based on a velocity of 3.3 km/s for the grouted material 
determined by the downhole test and verified by laboratory ultrasonic experiments. 

 

Measured traveltimes for Col2 (left). Calculated column diameter (right). 

f the column over 
time. In general, the tomography method performed with the given source and receiver 
configurations does not provide sufficient resolution for imaging vertical structures. 

edure using all a-priori 
information. The general depth and the calculated mean diameter obtained from the 
crosshole test can be used to set geometrical and velocity constraints to perform a 

 calculated using 
the Simultaneous Iterative Reconstruction Technique (Dines and Lytle, 1997). The 
reference state was taken as a start model to calculate tomograms 3.5 hours, 7 days and 

ables the user to 
define cells in which seismic velocities remain constant and cells in which seismic 
velocities can vary (Santamarina & Fratta, 1998). The tomogram after 3.5 hours shows 

depth between around 5 
and 8 m. Within the first 7 days the velocity increase inside the column is substantial 
while between 7 and 28 days the velocity changes are only marginal. This suggests that 
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Figure 4. Start model (reference state), velocity constraints and tomograms after injection.
lines indicate the calculated column boundaries from the cosshole tests

A second field survey to test the new method was carried out du
in Passau (Germany) close to the river Donau where jet grouted columns were produced 
to protect an industry facility against flooding. Two boreholes each 11 m deep were 
drilled with a distance of 3 m. The grouted column was placed h
boreholes in a depth between 4 and 11 m. Crosshole tests between the boreholes before 
and after the injection process were carried out using the same equipment and 
measuring geometry as mentioned before. Based on the traveltimes meas
reference state and the mixed state the diameter could be calculated which lies between 
1.5 and 2.5 m (Figure 5). One of the common diameter control technique, the column 
caliper, was used to compare the results. Unfortunately, it was only pos
one caliper position at 5 m with 1.7 m diameter. In greater depths the method failed 
because of collapsing effects of the borehole.

 Figure 5. Traveltimes of the reference state (black) and the mixed state (red) and the calculated diam
The green point indicates the diameter determined by the column caliper.

mixed 
state 
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Start model (reference state), velocity constraints and tomograms after injection.
lines indicate the calculated column boundaries from the cosshole tests

. 

A second field survey to test the new method was carried out during an ongoing project 
in Passau (Germany) close to the river Donau where jet grouted columns were produced 
to protect an industry facility against flooding. Two boreholes each 11 m deep were 
drilled with a distance of 3 m. The grouted column was placed half way from the outer 
boreholes in a depth between 4 and 11 m. Crosshole tests between the boreholes before 
and after the injection process were carried out using the same equipment and 
measuring geometry as mentioned before. Based on the traveltimes meas
reference state and the mixed state the diameter could be calculated which lies between 
1.5 and 2.5 m (Figure 5). One of the common diameter control technique, the column 
caliper, was used to compare the results. Unfortunately, it was only pos
one caliper position at 5 m with 1.7 m diameter. In greater depths the method failed 
because of collapsing effects of the borehole. 

. Traveltimes of the reference state (black) and the mixed state (red) and the calculated diam
The green point indicates the diameter determined by the column caliper.
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mixed 
state
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Start model (reference state), velocity constraints and tomograms after injection. The black 

lines indicate the calculated column boundaries from the cosshole tests 

ring an ongoing project 
in Passau (Germany) close to the river Donau where jet grouted columns were produced 
to protect an industry facility against flooding. Two boreholes each 11 m deep were 

alf way from the outer 
boreholes in a depth between 4 and 11 m. Crosshole tests between the boreholes before 
and after the injection process were carried out using the same equipment and 
measuring geometry as mentioned before. Based on the traveltimes measured for the 
reference state and the mixed state the diameter could be calculated which lies between 
1.5 and 2.5 m (Figure 5). One of the common diameter control technique, the column 
caliper, was used to compare the results. Unfortunately, it was only possible to measure 
one caliper position at 5 m with 1.7 m diameter. In greater depths the method failed 

 
. Traveltimes of the reference state (black) and the mixed state (red) and the calculated diameter. 

The green point indicates the diameter determined by the column caliper. 
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CONCLUSION 
A new in-situ seismic quality control method has been proposed to measure the 
diameter of jet grouted columns. The method utilizes crosshole and downhole testing. 
By simple geometric assumptions the diameter of jet grouted columns can be calculated 
using the horizontal rays between boreholes. The new method was successfully applied 
at two different test sites in Germany with jet grouted columns installed. Seismic 
tomography results show the time dependent effects of grout injections on the soil 
velocity. It was observed from field experiments that within the first hours after 
injection too many effects seem to prevent a reliable result. Hence, a reliable seismic 
testing is suggested to be made in a time frame from 1 to 7 days after the injection 
process. 
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