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Abstract: The state-of-the-art methods for verifying the correctness of ground improvement performed
using the DSM (Deep Soil Mixing) technology are largely focused on the selection of adequate factors
impacting the achievement of a correct compressive strength f . [MPa] of the column core, which ensures
the transfer of stress from the designed structures to the subsoil. In view of the operation of each
of the columns, it is equally significant to ensure that their bases are located in load-bearing soil
at the entire area of the improvement, without the need to perform many costly subsoil surveys.
Based on the complementary soil investigation results and parameters obtained during deep soil
mixing from an automatic logger installed on the drilling machine, a method of comparing the rotary
drive pressure (working pressure) PKDK [bar] and the cone resistance q. [MPa] of the CPTU static
probe (Cone Penetration Test Unit with Pore Pressure Measurement) was developed along with the
method to interpret the results in the context of the correctness of the ground improvement on the
construction site analyzed in this paper.

Keywords: ground improvement verification; deep soil mixing; static penetration test CPTU

1. Introduction

In situ Soil Mixing (SM) is a versatile ground improvement method. It can be used to stabilize a
wide range of soils, including soft clays, silts, and fine-grained sands. Stabilization of organic soils
such as gyttja (sedimentary organic soil), peat, and sludges is also possible, but is more difficult and
requires carefully tailored binders and execution procedures. However, the engineering properties of
the stabilized soil will not only depend on the characteristics of the binder. They will also depend,
to a large extent, on the inherent characteristics of each soil and the way it has been deposited, as well
as on mixing and curing conditions at a particular worksite. Deep Soil Mixing (DSM) is used for
stabilization of the soil to a minimum depth of 3 m (a limit depth introduced by EN 14679). The binders
are injected into the soil in dry (Dry Deep Soil Mixing) or slurry (Wet Deep Soil Mixing) form through
hollow mixing shafts tipped with various cutting tools and equipped with auger flights, mixing
blades or paddles to increase the efficiency of the mixing process. The shafts, mounted in single or
multiple arrangements, rotate about the vertical axis and produce individual or overlapping soil-mix
columns [1-4].

By overlapping the different soil mix elements, a continuous soil mix wall is built. The soil
mix wall is then horizontally stabilized by shoring or anchoring. During execution, steel beams are
installed into the fresh soil mix material to resist the shear forces and bending moments due to the
earth water pressure applying on the retaining wall. The soil mix material transmits the stresses due
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to this earth-water pressure to the steel beams by way of an arching effect developing in the soil mix
material due to the difference of stiffness between the steel and the soil mix material [5-10].

In practice, the implementation of ground improvement using DSM proceeds in three stages.
The first stage encompasses the acquisition and analysis of the input data, the second stage is the process
of geotechnical design, and the third consists of the performance of works and quality control [11-14].

The assurance of a high quality of work is fundamental. As the soil mixing is conducted
in situ, the equipment and the documentation of the works using advanced production parameters
recording systems play a very significant role. Depending on the number and type of sensors
mounted on the device, we can get several values describing the process of penetration of the agitator
into the ground. Such a procedure allows for large possibilities pertaining to current analysis and
interpretation of the works, especially in correlation with the available and complementary soil
investigations, particularly with the use of static probes (Figure 1) [9,15]. Current extensive systems
allow the registration of parameters such as operating pressure, rotational speed, torque, pressure
force, feed speed, or penetration resistance as well as their correlation as a function of depth (Figure 2).
The requirements in that respect, listed in the designs and technical specifications, should correspond
to good practice standards, which require tracking the development of technologies and cooperation
with DSM works contractors. Especially in projects of major importance, it is a good practice to inspect
the equipment and the methods as well as perform the registration of the columns on the testing
grounds before performing the basic range of works [16].

Thanks to measurements made with CPT (Cone Penetration Test) and CPTU (Cone Penetration
Test Unit) probes (in-situ measurement), we can get the following parameters: sleeve friction fs [MPa]
and cone resistance g. [MPa]. The values are registered each 1 cm of the probe advancement, in each of
the geotechnical layers present in the analyzed soil profile. The values of the resistances referred to
above precisely reflect the way the column will work at a given depth. From the historical point of view,
the problem of estimation of the bearing capacity of a single press-in pile was one of the inspirations to
develop static probing. In fact, static probing as an idea may be considered a continuous loading of a
testing pile with direct measurement of resistance at the cone and the measurement of the friction of
the side surface of the friction sleeve. The problem of scale remains, however, significant [17-22].

Comparison of registered values of operating parameters with the resistance under the base of
the probe cone g. [MPa] allows for ongoing control and adjustment of the length of columns to the
prevailing ground conditions and appropriate depression of the column base in load-bearing soils,
under the condition that the design assumptions do not provide otherwise.

This discussion presents the local relationships between the oil pressure of the PKDK rotary head
[bar] and the value of the probe cone, as well as the method of interpretation and verification in the
context of properly made soil reinforcement. It should be noted, however, that in the assessment of the
correct performance of the reinforcement in the analyzed technology, other production parameters,
i.e., rotational speed, clamping force, or agitator sink speed, are also relevant. The omission of the
aforementioned parameters in an example other than the one presented below may cause an erroneous
interpretation of the PKDK agitator working pressure jumps [bar]. The analysis was carried out based
on data obtained in the design and implementation of one of the cubature objects in the southern
part of Poland, and thanks to the cooperation with a specialist company implementing the scope
of reinforcement.
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Figure 1. Example of g. and f resistance values obtained based on the test conducted using the Cone

Penetration Test Unit (CPTU) probe.
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Figure 2. The machine used for performing Deep Soil Mixing (DSM) columns including the production

parameter logging system.
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2. Materials and Methods—Analysis of DSM Columns Formation Parameters and of the Results
Obtained Using CPTU Static Probes

2.1. Reasons for Ground Improvement

While considering the geological and engineering documentation, the range of the zone of adverse
soil conditions for the direct foundation of the building has been established. The weak soil was
comprised of made grounds unfit for construction, sandy loams (Illa and IIIb layer) with a liquidity
index of It 0.60 and silty loams with a liquidity index of I, 0.30-0.80, improved by Deep Soil Mixing.
The columns were designed in the location of the load-bearing pillars of the building, in such a way
that besides the transfer of the loads caused by the pillars, the columns would also partially transfer
the loads caused by the weight of the floor and the service loads for a given category of the structure.

The exact placement of columns under the foundation slab has been adopted based on a soil
resistance map from the calculation model of the building structure made in the Autodesk Robot
Structural Analysis program and geological and engineering documentation. The maximum load
per single column included in individual column groups did not exceed 540 kN. Next, the minimum
cement ground compressive strength f. [MPa] that could be obtained after mixing the native soil with
cement paste was determined. Assuming an f. value of 2.5 MPa and a column base depression of 1 m
in load-bearing layers of clay with an I}, degree of 0.00 or sand with a density of I 0.60, columns with
a diameter of & = 900 mm meet the ultimate limit condition of load-bearing and usage.

2.2. Circumstances of the Analysis of the Primary Solution

The depth of the conducted improvement was estimated based on geological cross-sections and
the interpolation of the strata of the load-bearing soils.

In terms of the design, there were no contraindications to start the works referred to above.
A problem was, however, found given the execution of the works. The spacing of the geological
boreholes available at that time was approximately 30 m (Figure 3). The depth of geological (profile)
holes was reaching 17.5 m p.p.t. The interpolation of the formation of the roof of the load-bearing
soils at such a great distance and considering their high variability causes the risk of different local
conditions. A decision was thus made to conduct an additional survey using geological boreholes and
CPTU probes, which were to allow for obtaining a more detailed mesh of boreholes previously made
in that area. Based on the obtained results, a revision of the design of the improvement was planned.
Simultaneously, the working parameters of drilling at which the condition of driving the columns in
the load-bearing grounds will be fulfilled as provided in the design were established.

This paper focuses on a selected fragment of the investment area and provides an
analysis of the complementary surveys performed using CPTU-probe 8 and CPTU-probe 10
(Figures 4 and 5) performed between the previous boreholes. According to the PN-B-04452-2002
standard, the dependence between the level of plasticity and the resistance at the cone for cohesive
and non-cohesive grounds is expressed by simple approximations of measurement results, allowing
for a quick determination of the values of I and Ip of the soils at a given depth [4,17,23-28].

Polish Standard does not specify if any or which method should be used for averaging the results
of CPT(U) measurements in a single soil stratum.

It needs to be emphasized, that the proper recognition of the subsoil for design purposes can never
omit boreholes or at least the macroscopic description of sampled material. After soil classification,
it is possible to calculate the parameters of the density and consistency of soils in particular strata.
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Figure 3. A fragment of a documentary map with the location of geological boreholes, location of
foundation and location of column group No. 1 and 2.
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4. Results of the complementary CPTU survey—probe No. 8.
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Figure 5. Results of the complementary CPTU survey—probe No. 10.
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2.3. Verification Method

The logs of the automatic logger for representative columns as well as the complementary soil
survey constituted the basis for the verification of the assumed improvement method and especially of
the length of the DSM columns. Based on the analysis, the theoretical datum of the insertion depth of
the mixer in the clay stratum with the I, 0.00 liquidity index and the value of the working pressure that
should be registered with the device when the soil with such parameters is reached were determined.
To determine the base pressure value column No. 454 (Figure 6) was selected for the CPTU-8 probe
and column No. 714 (Figure 7) was selected for the CPTU-10 probe.

T . —
K-?

N N e
| \/CPTu-8

Figure 6. Group No. 1—made based on the representative column No. 454 and the results of the
CPTU-8 probing.

Figure 7. Group No. 2—made based on the representative column No. 714 and the results of the
CPTU-10 probing.

Polish Standard presents a correlative dependence between density index Ip of non-cohesive soils
and CPT(U) tip resistance g.. The logarithmic relation is

Ip = 0.709 log g. — 0.165 )

For cohesive soils, we have three different correlations between soil liquidity index I, and tip
resistance g.. Soil clay fraction percentage needs to be determined to choose a proper logarithmic
function (where f; is clay fraction percentage):

I, = 0.242 — 0.427 log (gc) for f; > 30% 2)
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It =0.518 — 0.653 log (gc) for 10% < f; < 30% (©)]
I, =0.729 - 0.736 log (gc) for f; < 10% 4)

Based on the equations presented above and laboratory tests carried out, the plasticity level of
cohesive soils present in the profile beneath the level of the designed foundation plate was established.
It has been found that the resistance value of 6 MPa of the cone of the g. probe would mean that the
proper depth for the base of the DSM columns has been reached.

I;, = 0.518 — 0.6531og 6

Ip =0.00 ©)

The above served as a basis to develop a method to verify the correct placement of columns in the
load-bearing grounds specified in the design.

3. Results and Discussion

The results of the study for two groups of columns with different methods of placing their bases
into the load-bearing soil depending on the local soil conditions at the site have been presented
below. The first group of columns was designed in such a way that their base was recessed 1.0 m in
semi-compact grounds. The columns were to strengthen and transfer loads below the plastic and loose
soil lying between 4 and 8 m deep. The columns included in the second group of columns were to be
made suspended with the base support in a layer of non-coherent soils, a minimum 2 m, on weak soil
(if such was present in the lithological profile). The columns of this group were primarily to unify the
settlement of the building without the need to strengthen deep-lying layers of low-bearing soils and
appropriate redistribution of loads to the ground.

3.1. Group No. 1—Inserted to the Depth of 1.0 m in the Load-Bearing Soil

In each group of columns, one representative column was made to determine the depth at which
the load-bearing soil is located and thus obtain the datum of the pile base. Considering the resistance
cone g, obtained using the CPTU-8 probe (Figure 4) in the first group of columns, their length was
assumed to be 7.1 m in relation to the working platform located at 221.20 MASL. At the insertion depth
of the columns referred to above, their base would be located in semi-solid clays with a liquidity index
of Iy, 0.05 (9c—>5 MPa). Subsequently, the formation of column No. 454 was commenced (Figure 8)
while registering the working pressure at a range of depths oscillating around 8 m below the surface.
While analyzing the results obtained by the CPTU-8 probe, one may note that at the depth of 8.0 m
(6.6 m below the platform level), there is a transition from the stratum of silty loams with a low bearing
capacity to the stratum of clays. Thus, a distinct increase in the pressure at that depth could be assumed.

As it may be noted in the log of the column No. 454 (Figure 8), a significant surge of pressure
occurred with a simultaneous decrease in rotational speed at the mentioned depth of 6 m, which exhibits
that the clay stratum was reached. Subsequently, the pressure rises by nearly 290 bar. 270 bar and
55 RPM was thus assumed as the mean base value exhibiting that the load-bearing soil is reached.
Further columns of that group were formed in such a manner to achieve the minimal value of the
above pressure. Examples of logs of neighboring 448 and 456 columns have been presented in
Figures 9 and 10 and present plots of soil penetration depth, rotational speed, and working pressure
values expressed as a function of time. It can be seen that for both the 448 and 456 columns, a decrease
in rotational speed and a marked increase in operating pressure were recorded at a depth of ca. 6.1 m.
From that moment, as the mixing progressed, the rotational speed constantly decreased and the
pressure increased, reaching values > 270 bar at a depth of over 7 m, which, in correlation with the
results of geological tests, also indicates in this case that the supporting layer has been reached.
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Figure 8. (a) Dependence of probe resistance (fs and qc) was presented from the level of the working
platform to the level of the depression of the column base in the bearing ground broken down into
three phases of mixer penetration; (b) Parameters registered by the device during the formation of the
454 representative columns (correlation of g, fs, and DSM probe working pressure).
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Moreover, all groups of columns in the near vicinity of the analyzed column were made based on
the same guidelines.

3.2. Group No. 2—"Suspended” Columns with Bases Resting on the Load-Bearing Soil at Least 2.0 m above the
Weak Soil

The survey conducted using the CPTU-10 probe (Figure 5), confirmed the presence of weak soil at
a depth higher than 5.0 m below the surface. Such a configuration of strata allowed us to perform the
works in line with the second scheme presented in the technological design of the improvement.

The fulfillment of the assumptions as for the “suspended” columns required a slightly different
approach. In line with the designer’s guidelines, the base of the columns should be formed in the
load-bearing soil, that is, in non-cohesive soil Ip 0.6 or cohesive soil I, 0.00 and should end at least
2 m over the weak soil. Based on this information and the results obtained from the CPTU-10 probe
(Figure 5), the initial length of the columns amounting to 2.6 m in relation to the working platform was
assumed. At the depth mentioned above, the resistance of the CPTU-10 cone base (Figure 5) amounted
to 12 MPa, which exhibited the presence of non-cohesive medium-dense soils with a density level of
Ip 0.6. The density value was obtained by applying formulas for non-cohesive grounds in line with [5],
in the same manner as in the case of group 1 columns.
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Ip = 0.709log g — 0.165
Ip = 0.70910og 12 - 0.165 (6)
Ip = 0.60

Subsequently, the representative column No. 714 (Figure 11) was made to determine the
working pressure that should be registered using the device while driving the mixer into the stratum.
While observing the graph produced by the automatic logger, one may not analogies to the g. resistance
values registered while probing this location before. The surge of rotary drive pressure PKDK by a value
reaching 162 bar at a depth of approximately 1 m exhibits the passage through the stratum of medium
sand in which the g. value registered by the CPTU-10 probe amounted to 20 MPa. After passing
through that stratum, a slight drop in the pressure follows the drop in the value of resistance at the cone,
and subsequently, a rapid surge to 320 bar occurs at the depth of 3.23 m, which was also accompanied
by a decrease in rotational speed. The noted working pressure surge was related to the fact that the
mixer reached the medium sand with the density of Ip 0.8 (3c—25 MPa) and it was assumed that the
mean base pressure value should amount to at least 240 bar while achieving a rotation speed of 60 RPM,
which would evidence the sufficient depth of insertion of the column in further considerations.

DA N
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Figure 11. Parameters registered by the device during the formation of the 714 representative columns.

The log of column No. 719 (Figure 12) formed in one group with the 714 (Figure 11) calibration
column presented in the further part of this work, as well as the log of the neighboring column No. 709
(Figure 13) prove the correctness of the assumed method for verifying the depth of base formation.
In the graphs of the columns referred to above, pressure surges analogous to those of the test column
may be noted, especially in the characteristic points exhibiting the change of the non-cohesive soil
density along with the increase of the depth.
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The above procedure for both cases shown in Figures 9 and 10 and Figures 12 and 13 allows to
assume simple dependencies between the PKDK working pressure [bar] value and the g resistance
[MPa], expressed by the following formulas and Figures S1 and S2 (in Supplementary Materials):

For non-cohesive soils:

qcp, = 0.07 - PKDK (7)

For cohesive soils:
qgc, = 0.0185- PKDK (8)

In addition, in Figure 8a, to directly compare the holes, CPTU parameters, and DSM processing
parameters, individual phases are presented over the creation of an example column 454. The figure
below it allows also, to evaluate the evolution of the treatment parameters with the number of
adopted phases.

It is mentioned that the number of penetration phases and exits as well as the other parameters
of the BRN (Blade Rotation Number) mixing index were selected in such a way (applies to all cases
analyzed in this article) to ensure the designed compressive strength of the column stem. The most
important phase in the context of comparing the operating parameters with the results of the CPTU
probe is the first phase of penetration, illustrating the mixing resistance that is left intact by any
soil interference.
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4. Conclusions

The presented approach to the verification of ground improvement based on the results obtained
by the CPTU static probe and the logs of the automatic logger of the boring machine allows to formulate
the following conclusions:

e A dependence exists between the resistance of the g. CPTU cone and the value of the working
pressure registered by the drilling machine. The value of the pressure and its surges along with
an increase in depth, and strictly reflects the type of soil and its parameters.

e As presented in the examples, it may be assumed that non-cohesive dense grounds exhibiting
a resistance at the cone of probe amounting to approximately 25 MPa (Ip—0.8) and cohesive
solid and semi-solid grounds characterized by the g. resistance with a value of approximately
5 MPa generates a surge in the working pressure in the range from 240 to 360 bar. In the case of
medium-dense non-cohesive grounds, where the resistance at the cone amounts to approximately
12 MPa (Ip—0.6), the value of the working pressure fits within the range of 130 to 170 bar.

e  The analysis of the presented results allows us to assume that all the registered values of working
pressure below 80 bar may exhibit a high probability of the presence of weak soils in that area.

e  The method provided in the paper allows us to verify the correctness of the performed ground
improvement and allows for immediate correction of the assumed column formation parameters,
shall any irregularities be found. This way, the financial losses of the Contractor and the Investor
may be reduced to a minimum.

For both wet as well as dry Deep Soil Mixing, quality control during execution is important to
ensure the uniform improvement of the soil and to ascertain the required amount of binder has been
mixed uniformly over the entire depth of treatment. For this purpose, the mixing units are equipped
with automated computerized recording devices to measure the real-time operating parameters such as
depth of mixing tool, volume or weight of binder used, the flow rate of grout, rotation speed, and rate
of penetration and withdrawal.

From the above, the best method is always to consider the specific needs of a project and contact
specialist contractors to evaluate the needs of the project. Although this evaluation stage may bring
additional costs, proper preparation, be it through undertaking trials or field and laboratory testing
and intense performance monitoring, will ultimately be recovered in the heightened efficiency with
which the ground is secured. A well-managed soil improvement system appropriate to the site will
enhance the prospects of on-time and safe project delivery.

Despite the considerable knowledge about basic reaction mechanisms identified for soils stabilized
with lime or cement, it is still not possible to predict the strength of in situ mixed soil with a sufficient
level of confidence. As a consequence of this fundamental deficiency, which we are challenged to
overcome, the development of DSM is to a large extent progressing along a practical path and is
therefore dependent on lessons learned and evaluation of observed performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/10/6/216/s1,
Figure S1: PKDK dependence on qc on the last 2 m section of the 454, 448, and 456 column cavities in cohesive
soils along, Figure S2: PKDK dependence on g. on the last 2 m section of the 709, 714, and 719 column cavities in
cohesive soils along.
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List of Symbols and Definitions and Main Values Measured from CPTU:

gc Cone resistance—qc = Qc/Ac [MPa]. Where the ratio of measured resistance at the end of the cone (Qc) is
divided by the projected area of the cone (Ac).

fs Sleeve friction—f; = Fs/As [MPa]. Where the frictional force acting on the friction sleeve (Fs) is divided by
its surface area (Ag).

Derived Values from CPTU:

Friction ratio: R¢ = (fs/q¢) X 100%

Corrected cone resistance: gt = gc + up (1 — a)

Net cone resistance: gn = gt — Ovo

Excess pore pressure: Ay = uy — ug

Pore pressure ratio: Bq = Au/gn

Normalized excess pore pressure U = (uy — ug)/(1; — 1)

where: u; is the pore pressure at time t in a dissipation test, and u; is the initial pore pressure at the start of the
dissipation test.

Other Symbols:

PKDK: Rotary drive pressure (working pressure) [bar]

fc Design compressive strength [MPa]

Ip Density index of non-cohesive soils

I, Liquidity index of cohesive soils

CPTU Cone penetration test with pore pressure measurement—piezocone test

Cone: The part of the cone penetrometer on which the cone resistance is measured

Cone penetrometer—The assembly containing the cone, friction sleeve, and any other sensors and measuring
systems, as well as the connections to the pushrods.
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