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ABSTRACT: This study experimentally evaluates the applicability of conductive grout incorporating multi-walled
carbon nanotubes (MWCNTs) as an embedded self-sensing system for detecting water infiltration in ground
structures. The conductive grouts were prepared with water-to-cement (W/C) ratio and MWCNTs content as the main
variables, and their injectability was evaluated under both unsaturated and saturated ground conditions. As a result,
the mixture with a W/C ratio of 3.0 and 1.0% MWCNTs under saturated Jumunjin sand was found to achieve the
most favorable injectability. Based on the selected mix proportion, sensing performance was experimentally analyzed
according to different electrode types, spacings, and depths. The incorporation of MWCNTs enhanced the sensing
sensitivity and enabled earlier detection of water infiltration, with copper plate electrodes showing the highest
responsiveness. Electrode spacing and depth were also identified as additional parameters affecting sensing
performance. These results demonstrate that conductive grout can serve as a self-diagnosing material capable of real-
time monitoring of water infiltration in ground structures, and suggest its potential applicability in self-sensing and
structural health monitoring systems.
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Table 1. Physicochemical properties of fine and ultrafine cement

Chemical Composition [%] Blain Average Particle
SiO, ALO,+Fe,0, | CaO + MgO | Na,0 +K,0 SO, [cm?/g] Size [um]

Fine Cement 28.34 119 57.9 0.64 3.07 6,800 6x1

Ultrafine Cement 28.34 12.9 56.1 0.6 2.93 8,600 5+1
Table 2. Main morphological and quality characteristics of MWCNTSs
Diameter [nm] Length [nm] Aspect Ratio Purity [%]
15 10,000 666.67 >99
Table 3. Experimental parameters for evaluating grout injectability
Mix ID Ground Conditions Grout Suspension Conditions
W/C MWCNTs Mixing Ratio [%] Type of Cement

W/C1-CNT0.0 Unsaturated 1 - Ultrafine Cement

W/C2-CNT0.0 Unsaturated 2 - Ultrafine Cement

W/C3-CNT0.0 Unsaturated 3 - Ultrafine Cement

W/C3-CNT1.0 Unsaturated 3 1.0 Ultrafine Cement

W/C3-CNTO0.5 Unsaturated 3 0.5 Ultrafine Cement

W/C3-CNT0.3 Unsaturated 3 0.3 Ultrafine Cement

W/C3-CNTO0.1 Unsaturated 3 0.1 Ultrafine Cement

W/C3-CNTO0.1 Saturated 3 0.1 Fine Cement

W/C3-CNTO0.3 Saturated 3 0.3 Fine Cement

W/C3-CNTO0.5 Saturated 3 0.5 Fine Cement

W/C3-CNT1.0 Saturated 3 1.0 Fine Cement
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Fig. 1. Preparation of conductive grout suspension
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Table 4. Mix proportions of conductive grout suspensions

Unit Mix Proportions [kg/m’]
. Grout Suspension o
MixID Paste Conductive Nanomaterial|  Jumunjin Sand Super;()lsa;)t tetzer
Water Cement MWCNTs
W/C3-CNT1.0 412 137 5.520 1431 11
W/C3-CNTO0.5 414 138 2.760 1431 6
W/C3-CNTO0.3 415 138 1.656 1431 3
W/C3-CNTO0.1 416 139 0.552 1431 1
W/C3-CNT0.0 416 139 0.000 1431 0
W/C2-CNTO0.0 397 198.49 0.000 1431 0
W/C1-CNTO0.0 349 349 0.000 1431 0
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Support frame
Acrylic pipe

<— Bottom plate

(a)

(b) (c)

Fig. 2. Grouting injection test apparatus and preparation pro-
cess: (@) schematic diagram of the injection test; (b) over-
all view of the injection test setup; (c) example of a soil
chamber after injection
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Fig. 4. Evaluation of the injectability of neat cement suspension
under unsaturated conditions: (a) W/C = 3.0; (b) W/C =
20
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Table 5. Experimental variables and results of injectability tests

Suspension Conditions
Ground Conditions| Ground Conditions W/C ngizs[l;:[]jxing Results of Injectability Test Results of Injectability Test

W/C1-CNTO0.0 Unsaturated 1 - Ultrafine Cement Partial injection (< 1 cm)
W/C2-CNT0.0 Unsaturated 2 - Ultrafine Cement Partial injection (< 1 cm)
W/C3-CNT0.0 Unsaturated 3 - Ultrafine Cement Complete injection
W/C3-CNT1.0 Unsaturated 3 1.0 Ultrafine Cement No injection
W/C3-CNTO0.5 Unsaturated 3 0.5 Ultrafine Cement No injection
W/C3-CNTO0.3 Unsaturated 3 0.3 Ultrafine Cement Partial injection (< 1 cm)
W/C3-CNTO0.1 Unsaturated 3 0.1 Ultrafine Cement Partial injection (< 1 cm)
W/C3-CNTO0.1 Saturated 3 0.1 Fine Cement Complete injection
W/C3-CNTO0.3 Saturated 3 0.3 Fine Cement Complete injection
W/C3-CNTO0.5 Saturated 3 0.5 Fine Cement Complete injection
W/C3-CNT1.0 Saturated 3 1.0 Fine Cement Complete injection
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Table 6. Experimental variables of water infiltration tests

Test ID w/C ngi'il"os[i;l]ixing Electrode Type Elec'[roc[irei1 ie]:pth(D) Electroc}e;n Srlr)lz]acing(S)
CNTO0.0-D100-S21-B 3 - bar 100 21
CNT1.0-D100-S21-B 3 1.0 bar 100 21
CNT1.0-D100-S21-P 3 1.0 plate 100 21
CNT1.0-D100-S64-P 3 1.0 plate 100 64
CNT1.0-D200-S21-P 3 1.0 plate 200 21
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Fig. 7. Variation of relative resistance (R/R,) with water infiltration time: (a) effect of MWCNTSs incorporation; (b) effect of electrode type;

(c) effect of electrode spacing; (d) effect of electrode depth
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Table 7. Detection time of water infiltration and relative resis-
tance change rate

Detection Time | Rate of Change in
Test ID . . .
[min:s] Relative Resistance
CNT0.0-D100-S21-B 33:05 -0.01002
CNT1.0-D100-S21-B 06:38 -0.01298
CNT1.0-D100-S21-P 03:42 -0.06781
CNT1.0-D100-S64-P 03:33 -0.04796
CNT1.0-D200-S21-P 02:58 -0.03278
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