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Smart JetPlug: User Manual

1. What is Smart JetPlug?

Smart JetPlug is a software conceived for designing jet grouted bottom plugs (i.e. bottom plugs
obtained by partial overlapping of jet grouted columns) with reference to static and hydraulic limit
states. In the following, indications are given on how to use the code. For a deeper understanding of
the adopted approaches, refer to the references listed at the end of this document.

The software considers for the plug the geometrical scheme depicted in Figure 1, in which hp, hs and
hjc are respectively the total height of the plug, the height of the part intentionally left untreated, and
the height of the jet grouted part. By posing hs=0, a fully treated plug is considered.

B
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Figure 1. Geometrical scheme of a bottom plug, with a treated (hjg) and an untreated (hs) part.

2. How does Smart JetPlug work?

Smart JetPlug uses a probabilistic approach to consider the random variability of grouted columns
position (axis deviation), diameter and strength, and allows calculations with any possible number of
columns with any desired spacing, with the only constraint of considering only jet plugs having a
rectangular area. More complex configurations can be analysed by dividing them in rectangular sub-
areas.

The code is composed of three subsequent sections:

e Static Calculation: in this section the height of the bottom plug is calculated on the bases of
equilibrium considerations.

e Grid Generation: in this section the geometrical layout of the columns is assigned.

e Water Flow Calculation: in this section the water flow through the untreated portion of the jet
grouted part of the plug is calculated. This water flow depends on the possible lack of mutual
overlapping among the columns, which depends on the chosen layout and on the random
variability of columns’ position and diameter.
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3. Starting Smart JetPlug

The software can be downloaded from the Smart-G website (www.smart-g.eu) following the
registration procedure. The download package includes the .exe file necessary to install the program
on the local device. Each time the software is used, the initial screen requires the email address used
during registration and the associated license key. The code can be used once an authorized e-mail
address and the corresponding licence key are texted in the start window (Figure 2).

Once both the email address and the license key are verified, the software is ready for a run.

G Smart-letPlug - [m] X

SMART - q ==

Smart JetPlug - License

e-mail

- | Check License | -
License Key ||

Figure 2. Smart JetPlug start screen.

4, Static calculation

In this section, the program calculates the minimum plug thickness necessary to guarantee the
equilibrium of the structure, with reference to possible uplift and bending failure mechanisms caused
by the hydraulic pressure acting on the bottom of the plug. Two values of hj; are calculated with
reference to these two mechanismes,

Mechanism 1: uplift failure

The uplift failure mechanism is depicted in Figure 3, and considers two possible cases: no shear
resistance to the uplift mechanism on the lateral surface of the plug (extremely conservative design
choice), or the attainment of the shear strength at the interface between the retaining structure and
the jet grouted part of the bottom plug. In neither case the shear strength of the untreated part of the
plug (hs) is considered.

Figure 3. Uplift failure mechanism.

Following the notations introduced by Eurocodes, the equation governing uplift equilibrium is:

Smart-G s.r.l.
¢ Piazza Pilastri n.18 -80125 Napoli — Italy | email: info@smart-g.eu | website: www.smart-g.eu | VAT n. 09445651210



http://www.smart-g.eu/

nnovative tions in Ground \"nr\r ement and Geotechnical Engineering
cademic Sp w_.ffﬂtLJrl ersity of No pOl\Ft_dF\”‘ldﬁdl w..ut\ct.. up

SMART - t
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YMmi

Rq is the stabilising action due to the shear stresses acting on the lateral surface of the jet
grouted part of the plug. If this contribution is neglected, Rq=0

Vi is the resulting water uplift destabilising action on the plug.

Gk is the stabilising action (sum of the weight of the treated and untreated parts of soil)

Mik are the characteristic value of material property. In this case, the shear strength should be
considered through the shear strength angle ¢’ and the effective cohesion ¢’ at the interface
between the retaining structure and the plug. Following the indication by Modoni et al. (2016),
the shear strength is herein set as a fraction d of the unconfined compressive strength qujg of
the jet grouted material (i.e. Mik=0-qu,jg). The parameter & depends on the shear strength angle
¢’ of the jet grouted material.

Ymi, Yv and yg are partial factor for soil parameter, permanent stabilising action and permanent
destabilising action respectively. In this case, the partial factor on the strength parameters is
YMi=Yqu.

vr is the partial factor for the resistance. The default value of yr is 1, but different values can
be chosen by the user.

With reference to the geometrical scheme depicted in Figure 1, eq. (1) is solved to define the minimum
height hj; of the jet grouted part of the bottom plug needed to guaranteed the equilibrium with
reference to vertical translation (higuplit).

Mechanism 2: bending failure

The minimum height of the jet grouted bottom plug is also calculated with reference to the bending
failure mechanism schematically represented in Figure 4, and named hjgbending. The equilibrium to
rotation is solved for one of the two blocks in which the plug is devided by the depicted failure
mechanism, as reported in the figure. Partial factors are considered as for the uplift mechanism.
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Figure 4. Bending failure mechanism.
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The operator has therefore two possible values of hj (respectively hjgupift, and hjgbending). The code
reports these two values along with the suggested value hjgmin (Which is the highest between the two).

The input screen of the static calculation section is reported in Figure 5. The input data are divided in

three categories: Geometric, Soil&Jet and Statistic Parameters.

In the Geometric Parameters panel, the input properties are referred to the geometrical scheme
reported in Figure 1.
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Figure 5. Input screen.

In the Soil & Jet Parameters panel, the following input data are requested:
Vsoil: Unit weight of the untreated soil, needed if hs#z0 (kN/m3).

Vie: unit weight of the jet grouted column (kN/m?3).

¢': shear strength angle of the jet grouted material (°).
Ju,jg,spec: average uniaxial compressive strength of the treated soil (MPa) at the specimens’ scale.

o,
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The compressive strength quie of the jet grouted material is considered to have a lognormal
probabilistic distribution. Therefore, parameters must be assigned for it in the Jet Statistic Parameters

panel:

e CV(Qujgspec): coefficient of variation of the uniaxial compressive strength, related to the

behaviour at the specimens’ scale.

e \: empirical parameter (<1) introduced to take into account that the overall variability of qu,e

(named qujgpiug) is smaller than that at the specimens’ scale. Therefore
CV(qu,jg,plug)=A-CV(qu,jg,specimens). Typically, 0.4< A <0.55 for bottom plugs and A=0.7 for isolated
columns.

Percentile pr (%): for the considered distribution, it defines the value of qu,jg,plug on the
lognormal distribution that will be used in the deterministic equilibrium calculations. In the
software, the default value is 5%, but any value can be set by the operator.

Finally, in the Calculation Options panel the following options can be set:

Calculation Type: (Semi-Probabilistic/Deterministic). This option allows to apply or not the
statistical correction on the average uniaxial compressive strength of the treated soil at the
specimens’ scale (if Deterministic is selected qu,jg,spec:= qu,jg,plug =Qu,jg.k)
Consider lateral shear strength? (yes/no). This option allows to consider or not the positive
contribution of the lateral shear strength in the calculation of hjgupift.

When all the needed input variables and parameters have been assigned, the Run button must be
clicked. In the Output Parameters panel, the following output data are displayed:

6: ¢-dependent parameter used to calculate the shear strength at the interface between the
retaining structure and the jet grouted part of the plug (the shear strength of the untreated
part is neglected in the calculation). In case the option of no contribution of the lateral shear
strength has been chosen, this value is automatically set equal to zero.

CV (qu,jg,str): coefficient of variation of the uniaxial compressive strength, related to the entire
plug structure.

Qu,jgk: characteristic uniaxial compressive strength of the treated soil, related to the imposed
percentile of the distribution of qu,str.

hjg,uplitt: minimum height of the jet grouted part of the plug needed for uplift equilibrium.
hjg,bending: Minimum height of the jet grouted part of the plug needed for rotational equilibrium.
hjg,min: minimum plug thickness (equal to the maximum between hjg,upiitt and hjg,bending)-

The software also plots the Log-Normal distributions of both qu,jg,spec and qu,jg,piug, Showing the effect of
the parameter A

The partial factors can be selected according to the reference standards (EuroCode or Italian Building
Code NTC2018 are available in the code), as shown in Table 1, or just set to 1 to avoid considering
codes’ indications and solving the non-factorized equilibrium equations.

Possible ranges of values of CV(qu,jg,spec) and CV(D) are reported in Table 2 and Table 3, and can be used
as a reference.

Table 1. Values of the partial factors w ys and y,u for the uplift and bending mechanisms.

DropDown Menu T Ye Yau Failure Mechanism
1 0.9 1.4 UplLift
EuroCod
uro~oae 1.35 0.9 14 Cracking
1.1 0.9 1.4 UplLift
NTC 2018
1.1 0.9 1.4 Cracking
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Table 2. Ranges of values of the coefficient of variation of the uniaxial compressive strength of the jet
grouted material at the scale of laboratory specimens, based on some experimental evidences. The value
of CV(qu,spec) largely depends on the adopted technology and on the treatment procedure. Therefore, the
values reported in the table are just reference values published in literature.

Soil grading
Silty-clayey Sandy Sandy-gravelly
| CV(qu,jg,spec) 0.40-0.75 0.15-0.30 0.25-0.50

5. Grid Generation Section

Once the minimum plug thickness has been assessed, the software can calculate the expected voids
(untreated volume) within the jet grouted part. This calculation is carried out assigning the columns
layout at ground level (Figure 6). The following input data are required:

® s,,, ST: spacing between the columns. Different layout options are possible: square grid (A),
square grid with a central column (B), quincunx grid (C). The spacings must be assigned
accordingly, once the option A, B or C has been chosen from the drop-down menu.

e n°Land n° B: additional edge columns (optional). Since along the edges additional care may be
required to avoid untreated parts of the plug, this option allows to introduce extra columns
along them.

e DL and DB: if edge columns are added, these are the distances of the centres of the additional
columns respectively from the longer (L) and the shorter (B) edges.

e Dm: average diameter of the jet grouted columns.

Frobabilistic Design Grid Generation Smart-Jet Flug

Spacing Edge Columns GEOMETRICAL OFTIONS
S (m) 0 i 0
L ] o]
n°B 0
S s|| @ S
Sy (m) 0 : y
DL (m) 0
St (m) i} D8 {m} 0 Sx s: ST
(A) (B) (©)
Medium Diameter & Geometrical Configuration
Dim (m} Run Grid Generation
0 | A v |

Figure 6. Grid Generation screen.

The Run Grid Generation command allows to draw the geometrical layout at ground level of the
columns (Figure 7). Such a layout is the ideal one, i.e. corresponds to the layout at any depth only if no
random variability of the columns’ axis position and columns’ diameter is considered.
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Probabilistic Design Grid Generation Smart-Jet Plug
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Figure 7. Spatial distribution of the columns centres and average diameter.

6. Water flow calculation

Once the layout has been properly set, the code allows to consider the random variability of columns
position and diameter (from column to column, and for a given column at any depth) to calculate the
untreated volume of the jet grouted part of the plug, and thus the water flow through it. To this aim,
a probabilistic calculation is carried out with the Monte Carlo procedure to estimate the defects of the
jet grouted part of the plug, i.e. the parts that are not treated because of the random variability of the
columns’ axis and diameter.

The diameter of the columns is considered to have a Gaussian distribution of probability, while the
position of the jet grouted column is given by the two angles a (inclination) and 3 (azimuth) (Figure 8).
The inclination o is considered to be normally distributed with a mean value equal to zero (thus
needing only to quantify the scatter), while the azimuth 3 is considered to have a uniform distribution
of probability, thus needing no input parameters.

The calculation screen of this section is reported in Figure 9. The software allows to calculate the
untreated area in each section of the jet-grouted part of the plug assuming a given value of the
probability PF% of being non conservative (i.e. of having larger untreated areas). The confidence
interval Cl set in the software calculation routine is 95%. Such a confidence is achieved with a possible
error e% (given in percentage). There is a theoretical correlation between pf%, Cl and e% that
univocally sets the number of iterations needed in the calculation (Figure 10). As shown in the figure,
the correlation is strongly non-linear, and therefore if a low value of pf% is desired with a low error %,
the number of iterations can increase enormously. The computational time of this step depends on the
required values of pf% and e%.
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Figure 8. Definition of the azimuth («) and inclination (f3), whose values define the position of the
column axis.
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Figure 9. Input parameters for JetPlug code-voids statistical estimation.
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Figure 10. Number of iterations done by the calculation routine of Smart JetPlug as a function of the
assumed values of PF% and e%.

The code asks for:

e CV(D): coefficient of variation of the columns’ diameter.

e DS (a): standard deviation of the columns’ inclination (°).

e PF (%): the probability of failure for the Monte Carlo calculation, intended as the probability
that along the jet grouted height the plug has untreated parts having and area larger than the
one estimated with the calculation. The values 2%, 5%, 10%, 20%, 30% or 50% can be assigned.

o e%: the accepted error. The values 5%, 10%, 15%, 20% can be assigned.

e hexc: excavation height (m).

e hjg: plug thickness (hjg must be set as an integer) (m).

e k: soil permeability at the depth of the jet grouted part of the plug (m/s).

Typical ranges of values of CV(D) are given in Table 3 as a function of soil heterogeneity.

Table 3 Typical ranges of values of the coefficient of variation of the jet grouted columns’ diameter (Croce

etal. 2014).
Soil heterogeneity
Low Medium High
| Ccv(D) 0.02-0.05 0.05-0.10 0.05-0.20

The software allows to set the unit grid width for the generation of the control mesh. Two values of
the untreated area are given: the total value and the inner value, the latter intended as that calculated
neglecting the untreated parts at a distance smaller than Dm/2 from the edges. The water flow
calculation can be then carried out considering the two possible options, to be assigned in the VOID
SORT ORDER drop-down menu (i.e. total or inner water flow).

Once the input data have been assigned, clicking on the Run Smart-JetPlug button the probabilistic
calculation is carried out. The calculation time strongly depends on the choice of PF% and e%. Values
of PF%<5 are not recommended because they may correspond to a huge number of iterations,
depending on the requested value of e%.

Once the calculation is complete, the plots with the spatial distribution of the untreated areas at the
top and the bottom of the jet grouted part of the plug are displayed (as shown in Figure 11).

In the “Water Flow Estimation” panel, the overall water flow values are reported, considering two
possible values: the one corresponding to the untreated area at the top of the jet grouted part of the

Smart-G s.r.l.
¢ Piazza Pilastri n.18 -80125 Napoli — Italy | email: info@smart-g.eu | website: www.smart-g.eu | VAT n. 09445651210




SMART -

- Innovative Solutions in Ground Improvement and Geotechnical Engineering
Academic Spin-off of the University of Napoli Federico Il and Innovative Start-up

plug and the one corresponding to the untreated areas that are vertically aligned in such a way to
generate a channel (Qintersection<Qtop)-
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Figure 11. Example of water flow calculation output results.

This latter value may differ from run to run, considering the probabilistic nature of the calculation.
The state of calculation is displayed as indicated in Table 4.

Table 4. Calculation Indicators.

Calculation State

® Initialization

Calculation State

Calculation of the n
@

scenarios

Calculation Stare

Iterations ordering

Calculation State

Calculation of the
@

needed iteration

Calculation State

® End of calculating

*When the software is launched, it may take a few minutes for the command window to become visible.
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8. Warning and disclaimer

Smart-JetPlug is a software conceived for designing jet grouted bottom plugs (i.e. bottom plugs
obtained by partial overlapping of jet grouted columns) with reference to static and hydraulic limit
states, using a probabilistic approach to consider the random variability of grouted columns position
(axis deviation), diameter and strength. Every effort has been made to ensure the accuracy of Smart-
JetPlug. Users must acknowledge their own responsibility when utilizing the computational results for
geotechnical design purposes. Smart-G s.r.l. cannot be held responsible or liable for any design errors
resulting from the use of Smart-JetPlug calculations.
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In this section a detailed example of Smart-JetPlug calculation is reported.

e Static Calculation
The tested plugis a 20 m x 10 m, with a Ahy, equal to 12 m. The unit weight of the jet grouted soil is set
to 18 kN/m?3. In this case, since hs is set to zero (i.e. no untreated soil is considered above the jet grouted

plug), the value ys can be even unset.

The shear strength angle is equal to 30° and an average uniaxial compressive strength of the treated
soil at the specimens’ scale, qu,jgspec, IS €qual to 2 MPa. If a semi-probabilistic analysis wants to be
performed, it is mandatory to set the values CV(qu,jg,spec) and A in order to allow the code for calculating
CV(qu,jg,plug)=A-CV(qu,jg,specimens) (Figure 12). The percentile of the uniaxial compressive strength is

automatically set to 5%, but it can be changed by the user.
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Figure 12. Input data set for a semi-probabilistic calculation of the plug’s thickness.

If such an input is run, the program returns the Output Parameters reported in Figure 13, showing the
CV(Qqu,jg,piug) used for the determination of the uniaxial compressive characteristic strength, qu,jgk, and
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the plug’s thicknesses for both the considered failure mechanisms (uplift and bending). The final value
hjgmin is the maximum between hjgupLit and hjggending. In addition, both the log-normal statistic
distributions are plotted, in order to give an idea of the practical consequences of considering the
strength variability related to the entire plug. Indeed, if such an issue is taken into account, the design
value of qu,jgk is higher.
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Figure 13. Output parameters for a semi-probabilistic calculation of the plug’s thickness.

Anyway, the program allows even to not consider the statistical aspects of the uniaxial compressive
strength. Thus, if “Deterministic” calculation option is selected, the program does not consider any
kind of statistical law and strength variability:

Qu,jg,spec = Qu,jgplug = Qu,jgk

In this case no statistical distribution will be plotted in the output window (Figure 14). The software
does not consider the eventual values set in the “Jet Statistic Parameters”.

Finally, the program also allows to not consider the positive contribution of the lateral shear strength
in the calculation of hjg,upifc. Such an analysis will show only the results related to the UplLift failure
mechanism, since the lack of the lateral shear strength makes the bending failure mechanism
impossible. The outcome of the analysis with no lateral contribution for the current example is
reported in Figure 15.
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Figure 14. Output parameters for a deterministic calculation of the plug’s thickness.
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Figure 15. Output parameters for a semi-probabilistic calculation of the plug’s thickness with no lateral
contribution.
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Thus, the same geometrical configuration of the plug (20 m x 10 m) can give different values of hjgmin,
as a function of the user’s consideration on the specific plug’s design.
The following of the current example is referred to:
o Calculation type: Semi-Probabilistic
o Later Contribution: Yes
for a minimum plug thickness hjgmin equal to 3.3m.

e Grid Generation
For the determination of the columns’ layout at ground level a triangular distribution is set, adopting
a spacing st=0.90 m and an average diameter Dn=1.20 m (input in Figure 16, output in Figure 17).

Static Calculation Grid Generation Water Flow Calculation
Spacing Edge Columns GEOMETRICAL OPTIONS
sm| o] [t [0
. 0] @ @
me 0 s s|| @ Sr
Sy (m) 0 Y Y
st (mj 0s] | | pBm | o S, S, S;
(A) (B) (©

Medium Diameter & Geometrical Configuration

Dm {m} Run Grid Generation

Ca—

Figure 16. Grid generation input for a triangular geometric option.

Static Calculation Grid Generation Water Flow Calculation
Spacing Edge Columns GEOMETRICAL OFPTIONS
s o] || "t [0
. L ® o}
ws 0 s s|| @ S
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—_—
stm)| 03] | [ D8im | 0 S, S, S
(A) (B) ©

Medium Diameter & Geomeurical Configuration

Run Grid Generation

X (m) ¥ {m)
01000 03235
01000 18823
0.1000 14412
01000 50000
E 0.1000 6 5538
= 0.1000 8177
01000 96765
n"of Columns
203

Figure 17. Grid generation output for a triangular geometric option.
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In the output the software will plot the ideal configuration of the treatment at ground level, the total
number of columns and the centre’s coordinates of the columns themselves.

e Water Flow Calculation
At this stage, the water flow estimation due to the eventual untreated area can be performed. To do
so, the input parameters of CV(D), DS(a.), PF(%), e(%) and all the remaining geometric parameters have
to be set. In the current example, all the input data are reported in Figure 18.
Note that in the “Static Calculation” a minimum plug’s thickness of 3.3 m is needed. Since the software
allows to set plug’s thickness only as an integer, in the calculation a hjz=4.0 m has been adopted.

Static Calculation Grid Generation Water Flow Calculation

Statistical Parameters Geometrical Parameters Semtings Run Smart-JetPlug
o hexc m unic g wign m (070~ |

0s @ mgem [ | | | voios SORTORDER [imner |

Calculation State

n® iter. -
PF (%) |10 A4 | k (mis) 0.0005 Errores: |10 A | Clear Data
Plug Voids - TOP - Plug Defects - Porosity
1
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08 0.00 1
Untreated Area (Inner) (m2) 3 06
T 0.6 —_
= 0.00 -,E_
“ 04 a 04
X (Top) Y (Top)
0.2 02
L 0
0 0.2 0.4 0.6 0.8 1 0 05 1
L (m) Porosity (-)
Plug Voids - BOTTOM Porosity {-) Depth (m)
1¢
Untreated Area (Total) (m2)
08F 0.00
T 06} Untreated Area (Inner) (m2)
- 0.00 Water Flow Estimation
-]
04F .
i) 0.0
X (Bottom) Y (Bottom)
02f Q (Vmin) Top 0.00
0 0.2 0.4 06 08 1 Q (IYmin) Intersection 0.00
L (m)

Figure 18. Input setting for the water flow estimation.

Finally, as the “Run Smart-JetPlug” button is activated, the software will perform all the calculations
for the “n° iter” scenarios (equal to 2400 for a PF=10% and e=10%). The calculation time is strongly
dependent on the number of iterations.

The typical screen output is reported in Figure 19, in which all the parameters of interests depicted in
the manual are clearly reported.
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Figure 19. Output result screen for the water flow estimation.

In addition, all the plots contained in each panel can be easily saved by the user. Some examples are

reported in the following.

Plug

Specimen

4dd

q, (MPa)

Figure 20. Log-normal distributions.
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Figure 21. Ideal geometrical configuration at ground level.
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Figure 22. Untreated area estimated at the top of the plug.
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Figure 23. Untreated area estimated at the bottom of the plug.
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Figure 24. Porosity of the plug vs. depth due to untreated areas.
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