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ABSTRACT

This paper will report a Tube-a-Manchette (TAM) grouting project carried out in the silty sand
and gravel layer to seal off the bottom of a deep excavation against uplift of high groundwater
pressure. The excavation was up to 33 m in depth and was retained by diaphragm wall 53 m deep.
The base grouting zone covered the interface zone between sandy and gravel layers. TAM grouting
method was adopted to do the grout injection. Cement-bentonite (CB) grout was injected in the
first stage followed by sodium silicate grout (SL grout) in the second stage. Volume control
grouting method was adopted here and the grouting pressure applied at each injection port was
recorded. Based on the recorded pressure and the spatial coordinates of each injection port, a
mapping of grouting pressure in the grouted zone was presented in 2D image using commercial
software. The 2D grouting pressure contours at a given depth can be established based on the
physical data recorded during base grouting. Meanwhile, it was also found that the deviation of
drill holes alignment had no obvious effect on the 2D grouting pressure distribution, if a proper
TAM grouting sequence and a lateral confinement of enclosed diaphragm wall can be provided.

INTRODUCTION

Deep excavation in the inter-layered silty soil formations under high groundwater pressure always
offers great challenge to the geotechnical engineers in Taipei. Over the past three decades, the
subway network system underlying Taipei city had been constructed not without geotechnical
failures; some were even catastrophic (Moh et al, 1997). To deal with the conditions of high
groundwater pressure and thick silty sand layer, water cut-off grouting (e.g., base grouting) had
been a common option chosen by the engineers to reduce the risk of piping and/or uplifting in deep
excavations. After years of practice, base grouting had become a mature grouting practice in Taipei.
Similar water cut-off grouting works had also been practiced in the South East Asian countries
(Cheng et al, 2015). This paper will report a deep excavation project of the MRT line in New
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Taipei city. The excavation was 29 m and 33 m in depth and was retained by 53 m deep diaphragm
wall. The groundwater level observed from the stand pipe wells was around 6 m below ground
surface. The bottom of the diaphragm wall was expected to be embedded in the permeable gravel
layer. A base grouting work was to be carried out above and below the base of diaphragm wall to
cut-off the groundwater seepage from the gravel layer and to reduce the risk of groundwater uplift
failure. TAM grouting method was adopted in this project. This paper will show the 2D pressure
distribution mapping of TAM grouting at different depths based on the grouting pressure records
gathered from the grouting process. The deviation of drill holes alignment was measured with
SAAS can device and its effect on the 2D grouting pressure distribution will also be discussed in
this paper.

SITE CONDITIONS

The soil profile underlying the excavation site is shown in Figure 1. Generally, the excavation (to
a depth of 33m) was carried out in the interlayered formation of silty clay and silty sand layers.
Below the bottom of excavation, it was mainly the silty sand layer all the way down to the
underlying gravel layer (Figure 1). The depth of interface which separates the silty sand and the
gravel layers varies from GL-46m to GL -54m. For the silty sand (SM 1) layer located in the base
grouting zone, its fines content (FC) varies from 10 ~ 25% (Figure 2). The coefficient of
permeability (k) of the silty sand layer before grouting was about equal to 1¥107 ~ 6 * 10 cm/sec
as measured from the in-situ constant head permeability test. It was in line with the k values (=
1*¥10 ~ 5*10° cm/sec) of Taipei silty sand (fines content = 10 ~ 40%) obtained from other sitesof
Taipei basin. No permeability test data were available for the gravel layer underlying the silty sand
layer. But its k-value was expected to be greater than 1*107 cm/sec.

The dimensions of this deep excavation were 156 m long, 26 m wide and 33m/29 m deep
as shown in Figure 1. The bottom-up construction sequence was adopted for this excavation. The
site was 156 m in length and an excessive lateral deformation of the retaining diaphragm wall was
expected. Five cross diaphragm walls were constructed to provide extra internal bracing against
inward movement of retaining diaphragm wall during excavation (Figure 1). With small
diaphragm wall movement, the ground settlement around the excavation site can be controlled.
Meanwhile, these cross diaphragm walls can also sub-divide the excavation site into 6 smaller
zones to reduce the risk of unsuccessful grouting induced piping or uplifting. This is similar in
principle to the compartment design of a ship.

Generally, the thickness of base grouting zone was 5 m (from GL-49 to -54 m). But the
thickness was increased to 8m (from GL-46 to -54 m) along the peripheral area adjacent to the
diaphragm walls of each zone (both cross wall and retaining wall). The past experience had shown
that the interface between diaphragm wall and soil could be a potential passage for groundwater
to seep through the base grouted zone. So, it is better to increase the thickness of grouted zone
adjacent to the wall-soil interface to reduce the risk of groundwater seep-in.
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Figure 2. Gradation curves of the silty sand (SM1 layer)
in the base grouting zone

BASEGROUTINGFORTHE EXCAVATIONSITE

TAM grouting method was adopted for grout injection in this project. The grout volume control
method was chosen as the quality assurance measure for this grouting work. Grouting pressure at
each injection port was recorded while a given amount of grout was injected from the port. The
grout holes were drilled with duplex drilling system. The outer casing of the drilling system had
an outside diameter of 118 mm and the diameter of 125 mm for the cutting bit. The inner drill rod
had an outside diameter of 73 mm. When the drilling reached the design depth, the string of inner
drill rod was withdrawn and CB grout was injected to the cased drill hole. The Manchette tube (M-
tube) with sleeved grout portsatan axial spacing of 33 cm was inserted to the drilled hole. After
M-tube was in place, the outer casing was withdrawn and additional CB grout was added to fill up
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the drill hole. Wait until the CB grout hardened, the M-tube was ready for grouting. Upon grouting,
an inner grouting monitor with expandable air packers above and below the injection holes was
inserted to the M-tube. TAM grouting was carried out step-by-step from bottom up. When doing
the suspension type CB grouting, the injection rate was kept at 8 ~ 15 liter/min/port and the
injection pressure was kept <50bars to prevent leaking from the packers of the inner grouting pipe;
when doing the solution type SL grouting, the injection rate was kept at 8 ~ 12 liter/min/port and
the injection pressure was kept <50bars. The injected grout volumes per port of CB grout were set
at 40 liters for grout holes spacing = 1 m and 140 liters for grout holes spacing = 2 m respectively.
In comparison, the injected volumes per port of SL grout were set at120 liters for grout holes
spacing = 1 m and 420 liters for grout holes spacing = 2 m respectively. For each grout hole,
grouting was started from the bottom and then proceeded upward step-by-step (0.33 m per step).
Once the injection volume of a port has reached the refusal criteria set in Table 1, grouting was
terminated at that port. The applied grouting pressure to meet the refusal criteria was recorded.
The TAM grouting was conducted in a multiple-port injection manner. Normally, 5 to 10 grout
holes were injected at the same time following the sequences described above: inside-out from the
center or outside-in from periphery.

The grout holes spacing was reduced to 1 m for the peripheral grouting. In the central part
of each grout zone, the thickness of grouting was kept at 5 m and the grout hole spacing was 2 m.
From GL -46to -49m, grouting was only carried out along the peripheral side of each zone; from
GL -49 to -54m, grouting was carried out on the entire excavation site. Table 1 lists the mixing
proportions of CB and SL grouts used in this project. SL grout was mixed with the MK reagent
first on a mixer before injected to the ground. Its gel time was set at 60minutes.

Two grouting stages were adopted in this base grouting work: the suspension type cement
and bentonite grout (CB grout) was used in the first-stage grouting; the solution type sodium
silicate grouting (SL grout, with MK reagent)was used in the second-stage grouting. The porosity
of silty sand (fines content = 10 ~ 25%) was about equal to 45%. The goal of the base grouting
was to fill 90% of the soil porosity. So the grout volume equal to 40% (=45% * 0.9) by soil volume
was to be injected in this project. The grout volume injected was further divided to 10% by soil
volume for CB grouting and30 % by soil volume for SL grouting. Using 40% by soil volume as
the injection volume had been commonly practiced for base grouting in silty sand layer in Taipei
MRT underground station excavation over the past years.

Table 1. Mixing proportions and grouting parameters of the grouts used in this project

Cement-bentonite grout (CB grout) Silicalizer (SL grout)
Cement 150 — 250 kg Sodium silicate 250 liter
Bentonite 50 - 80 kg MK reagent 40 — 60 liter
Water The rest Water 690 — 710 liter
Y= 1000 liter r= 1000 liter
Gel time - Gel time 60 min
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Refusal criterion 40 liters (spacing=1m) Refusal Criterion 120 liters (spacing=1m)
per port (0.33m per 140 liters (spacing=2 m) per port (0.33m per 420 liters (spacing=2 m)
step) step)
Injection rate 8 ~ 15 liter/min/port Injection rate 8 ~ 12 liter/min/port

The total volume of the zone to be base grouted was 23,577 m>.So the grout volume of the
first stage CB grouting was 2358 m?; the grout volume of the second stage SL grouting was 7073
m? (= 23577 * 0.3).The total grout volume injected was 9431 m>. The grout volume injected in
different zones are listed in Table 2.TheCB grouting(first stage grouting) carried out first followed
by SL grouting (second stage grouting). CB grout would compact the loose silty sand and fill the
pores in the gravel layer. The follow up SL grouting was to fill the small pores of silty sand layer
and gravel layer left behind by CB grouting. SL grouting is mainly to reduce the permeability of
in-situ soil and to cut off the ground water in flow from the surrounding area. Both CB grouting
and SL grouting were not stopped until the predetermined grout take of the injection port had been
injected. The grouting pressure applied at each injection port was recorded with data logger.

Table 2. Volume of grouts injected at different zones of the site

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6

Vol. of CB 337 m’ 305 m’ 469 m’ 314 m’ 602 m® 332 m’
grout injected
Vol of SLgrout |16 3 913 m’ 1406 m? 943 m’ 1804 m? 996 m’
injected
Total vol. of 3 3 3 3 3 3

o 1347 m 1218 m 1875 m 1257 m 2406 m 1328 m
grout injected
No. of grout 190 173 263 183 342 195
holes

DRILLING ALIGNMENT OF GROUT HOLES

Due to the limitation of the construction site, the grouting work was unable to start until the
excavation of the site was down to 10m below ground surface. So all the grout holes must be
drilled from a work platform at the ground level. In other words, the drill casing was basically
hanging 10 m in the air before it reached the excavated ground level. As a result, a significant
deviation in the drilling alignment was expected. To understand the deviation of grout hole
alignment, the SAAScan (ShapeAccelArray) device was used to measure the alignment of grout
holes after the grout hole was drilled.

SAAScan is a flexible, calibrated 3D measuring system. It consists of an array of rigid
segments connected by joints that are flexible and freely to bend, without a preferred axis, in 2
degrees of freedom, but are stiff in torsion. It has a small outside diameter of 23.5 mm(Liao et al,
2016) and can be fitted in the M-tube which has the inside diameter of 40 mm. After the M-tube
had been placed in the grout hole, the grout hole alignment was measured simply by inserting and
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with drawing the SAAScan string in-and-out of the in-placed M-tubes. Basically, there was no
interruption ondrilling and grouting works.

Figure 3 shows the SAAScan measurement results done on the grout holes right adjacent
to the diaphragm wall in zone 1 of this excavation site. The rows of hollow dots represents the
design layout of drill holes. The finding here is that the alignment of the actual drill holes (solid
dots, 12 holes in number) deviated quite a great deal from the design drill holes alignment. The
virtual cylindrical bodies(diameter= 1.5m)in the figure were assumed to illustrate the possible
ungrouted zone under the actual drill hole alignment. Obviously, there was plenty of area not
covered by the grouting. However, it is understood that TAM grouting method is a low pressure
permeation and is carried out the fracture grouting in high fines content soils. It is unlikely to form
a cylindrical shape grout body in silty sand layer. So the 2D pressure contours mapping using the
design and actual spatial coordinates may be a better approach to demonstrate the effectiveness of
TAM grouting.

Figure 3. Comparison of actual drill hole alignment
and the design layout in 3D image
(note: assumed diameter of grout body = 1.5m)

GROUTING PRESSURE DISTRIBUTION

The advantage of TAM grouting is that each injection port has its own spatial coordinates. So it
can keep a spatial record of injection pressure and grout take inside the grouting zone. By knowing
the grout take and grouting pressure at each injection port of a grout hole, Grouter can have some
idea on the ground response (either the pressure or the grout take) to grouting in the grouted zone.
But to get the whole picture of the entire grouting zone, the TAM records per grout hole can be
interpreted in a more systematic way, with the help of 3D image processing programs. This paper
uses GRAPHER to present the 2D grouting pressure contours at a given depth inside the grouting
zone. Such 2D pressure distribution contours can provide good information on the outcome of base
grouting. It can also be used for choosing the grout hole locations of the follow up supplementary
grouting in a more rational way.
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To illustrate the applicability of 2D grouting pressure contours on a real case, zone 1 of
this project is used as an example here. The studied area is located at the corner next to the retaining
diaphragm wall and the cross diaphragm wall (Figure 4). Among the grout holes inside the studied
area, only the 12 holes right next to the cross diaphragm wall were measured with SAAScan device.
Figure 4 shows the 2D grouting pressure contours of CB and SL grouting at the depths of GL -
47m, -49m and -53m of zone 1. Among them, the pressure contours of GL -47m were in the
peripheral grouting area and those of GL -49m and GL -53m were in the base grouting zone. GL
-53m was actually extended beyond the bottom of cross diaphragm wall. So the grout holes were
separate by 2.5m from the grout holes on the other side of the diaphragm wall. The drilling angle
of grout holes was tilted 1 degree toward the diaphragm wall to narrow the spacing between the
grout holes on both sides of diaphragm wall. But this attempt was in vain due to the deviation of
drill hole alignment.

The positions of the grout holes measured with SAAScan device are shown in solid dots
inFigure4. For comparison, the design positions of grout holes are shown in hollow dots. Not
surprisingly, quite a significant deviation of the grout holes from the design positions are found.
The grouting pressure contours are presented in pairs (with and without considering drill holes
deviation)in Figure 4.GL -47m is in the peripheral grouting zone, so only the area close to the cross
diaphragm wall (on the right) and the retaining diaphragm wall (on the top)was injected with grouts
(Figure 4a).It provided three scenarios for TAM grouting here: (1) grouting with diaphragm wall
as the lateral constraint; (2) grouting with single row of grout holes; (3) grouting with multiple
(three) rows of grout holes. For CB grouting with single row of grout holes, the applied grouting
pressure can be quite uniformly distributed if the row of grout holes is in straight line and with the
diaphragm wall as the lateral constraint. But if the layout of the single row grout holes is deviated
from straight line, then some area of non-uniformly distributed grouting pressure can be observed
(Figure 4a).

For the three rows CB grouting in Figure 4a, the applied grouting pressure in the inner row
of grout holes is quite uniformly distributed when the grout hole layout is in straight line. However,
for the multiple-row grout holed layout (Figure 4c), the row of grout holes right next to the cross
diaphragm wall was not layout in a straight line. But it still shows quite a uniform pressure
distribution. It indicates that if CB grouting can be carried out in a blanket way like Figure 4c and
4e, deviation of grout holes has only minor effect of the contours distribution of grouting pressure.
Similar situation can also be found on the SL grouting (Figure 4d and 4f). Although SL grouting
was carried out after CB grouting was done and the injection volume was three times more than
CB grouting, there was no significant difference in the applied grouting pressure between CB
grouting and SL grouting in zone 1. It seems that the problem of grout holes position deviation
was covered by the multiple-port injection method adopted in TAM grouting. In addition, grouting
sequence used in this project (outside-in from periphery for CB grouting; inside-out from the
center for SL grouting) may also have some positive effect on the TAM grouting results: applied
grouting pressures were ranging from 10 bars to 20 bars and were quite uniformly
distributed(Figure 4cto 4f).
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Figure 5 shows the grouting pressure applied for the SL grouting (2nd stage grouting) was
relatively lower (mostly below 20 bars) (Figure 6). Zone 4 showed the highest grouting pressure
(up to 32 bars). The lower grouting pressure resulted by SL grouting might be caused by the low
viscosity of solution type SL grout. The applied pressure during SL grouting was rather evenly
distributed throughout the excavation site. It indicated that the homogeneity of the ground had
been improved by the first stage CB grouting and also the subsequent SL grouting. Having the
information on grouting pressure distribution, it could help to decide the proper locations of grout
holes to be drilled for the supplementary grouting (if needed) to enhance the overall water tightness
of the base grouting zone.

enter line of Center line of S Center line of . enter line of
| diaphragm wall | j diaphragm wall diaphragm wall | . diaphragm wall

Dept= GL -53m (CB groutg) h pth = GL -53mSL grouting)
(a) CB grouting (b) SL grouting
(O design drill hole position @ measured drill hole position

Figure 4.Comparison of responded pressure distribution with and without consideration of drill
holes deviation(a) CB grouting and (b) SL grouting (pressure unit in bars)
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Figure 5. Pressure distributions of SL grouting for
the entire excavation site

ON-SITE PERMEABILITY TEST RESULTS

To verify the effectiveness of this base grouting project, on-site pumping test and rising head test
were carried out to measure the permeability of each grout zone (1 ~ 6) in the excavation site. The
pumping test was carried out by pumping out the adequate amount of water to keep the phreatic
surface of groundwater table of the whole test area falling at the same rate (Cheng et al, 2015).
The coefficient of permeability (k) of the test site was calculated using Eq. 1 and the data gathered
from the pumping test. Table 3 shows the coefficients of permeability (k) measured after the
completion of base grouting. In general, the measured k-values were in the order of magnitude of
107 ~ 10" cm/sec. It met the requirement set by the owner that k-value of the base grouted zone
must be < 5 * 10 cm/sec, which is about two orders of magnitude lower than that (= 1¥107 ~ 6 *
10 cm/sec) of the in-situ sandy soil or gravel layer before grouting. When the excavation reached
the bottom (GL -33m), only 6 pumping wells were actually in operation. The water levels inside
the 6 pumping wells ranged from 40 to 44 m below ground surface; while the water levels in the
observation wells ranged from 21 to 25.5m below ground surface. So, there was a head difference
of 12m (= 33-21 m) between the surrounding groundwater level and bottom of excavation.
However, the bottom surface of the excavation, which was mainly in silty sand layer, was rather
dry when exposed by excavation. So it can be said that the base grouting work of this excavation
site was successful.

P OxD
AxAh

(M
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where Q: pumping rate, A: area of the test site, D: thickness of base grouting zone, Ah: drop of

ground water surface in the observation wells.

Table 3. Coefficients of permeability (k) measured after completion of base grouting

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
Pumping test | ) < 10-5 | 115x 105 | 1.52x 1076 | 3.86 x 10-6 | 1.99 x 10~° | 3.86 x 10-6
(cm/sec)
Rising head _s _s5 -6 -6 -6 -6
1.17 x 10 1.16 x 10 9.69 x 10 432 %10 428 x 10 4,62 x 10
test(cm/sec)
CONCLUSIONS

The following conclusions can be drawn from the findings of the base grouting work carried out
in a Taipei MRT underground station:

1.

Each injection port of TAM grouting has its own spatial coordinates, so the grouting
information at a given depth inside the grout zone can be presented in 2D image. The
2Dmappingofgrouting pressure distribution can provide a better evaluation on the TAM
grouting results; and if needed it can also be used as a reference for the supplementary grouting
to further enhance the water-tightness of the base grouting.

In practice, the actual drill holes may deviate from the design drill holes position. But, since
the TAM grouting was conducted in a multiple-hole injection manner (say 5 to 10 holes
grouted at a time) and following the predetermined grouting sequence (inside-out from the
center or outside-in from periphery), the effect of drill hole deviation on grouting pressure
distribution was found not serious in this study.

The coefficients of permeability (k) measured after the completion of base grouting using the
pumping test were in the order of magnitude of 10~ ~ 10" cm/sec. It met the requirement (i.e.,
<5*10° cm/sec) set by the owner and was about two orders of magnitude lower than that of
in-situ silty sand layer(=1*10"* ~ 6 * 10 cm/sec) before grouting.
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