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1. Literature review 

Table A- 1: Measurement methods applied for the determination of thermal conductivity 

λ of grouting materials 

Method Literature Specifications 

S
te

a
d

y
 s

ta
te

 

Alrtimi et al. (2013) Own setup, source between two samples, saturated and dry samples 

Delaleux et al. (2012) 
No information on the manufacturer (own setup?), Fourier’s gradient, 

saturated sample 

Extremera-Jiménez et al. (2021) Guarded heat flow meter FOX-50 (TA Instruments), ISO 8302 

Jobmann and Buntebarth (2009) No information on the manufacturer (own setup?), divided bar 

Song et al. (2019) 
TC3200 Thermal Conductivity Instrument, 3 – 5 % error, (probably) dry 

samples 

(Wang et al. 2020) Guarded hot plate, TPMBE-300 thermal conductivity meter 

T
ra

n
si

en
t 

h
o
t 

w
ir

e 

N
ee

d
le

 p
ro

b
e 

Blázquez et al. (2017) KD2-PRO analyzer, needle probe, sensor RK-1, Decagon devices 

Do et al. (2018); Do et al. (2017) Own setup, needle probe, ASTM D5334, (partly) saturated samples 

Erol and François (2014); Erol 

and François (2013) 
Hukseflux company, needle probe TP02, (partly) saturated 

Kim et al. (2017); Kim and Oh 

(2019) 

KD2 PRO (Decagon Manufacturing Co., Ltd., Pullman, WA, USA), 

TR-1 (single needle), SH-1 (dual needle), 10 % accuracy, improved 

contact with grease, saturated and dry samples 

Dinh et al. (2020); Kim et al. 

(2020) 
Own setup, ASTM D5334, (partly) saturated samples 

Li et al. (2019) 
Needle probe: K-type thermocouple (WRN-130, ZUHUJIANG, China), 

own setup 

Indacoechea-Vega et al. (2018); 

Pascual-Muñoz et al. (2018) 
Hukseflux TPSYS02, ASTM 5334-08, saturated samples 

Shafigh et al. (2020) KD2-PRO analyser using a TR1 needle 

S
u

rf
a

ce
 p

ro
b

e 

Allan (1997) 
Shotherm QTM-D2 Thermal Conductivity Meter, surface probe, 

saturated samples 

Frąc et al. (2021) Isomet 2104, surface probe, saturated and dry samples 

Kim et al. (2016); Kim et al. 

(2015); Kim and Oh (2020) 

Quick Thermal Conductivity Meter QTM500, Kyoto Electronics 

Manufacturing Co.), PD-11 surface probe, 3 % reproducibility, 5 % 

accuracy, saturated and dry samples 

Lee et al. (2010); Park et al. 

(2011) 

QTM-500 thermal conductivity meter (Kyoto Electronics), PD-12 

probe, 3 % reproducibility, saturated samples 

Riegger et al. (2016) Isomet 2104, surface probe, saturated samples 

Viccaro (2018) 
Heat Flow Meter Shotherm QTM Showa Denko, 2 % reproducibility, 

UNI EN 12664:2002 

T
ra

n
si

en
t 

p
la

n
e 

so
u

rc
e 

Bentz (2007) 
HotDisk Thermal Constants Analyser, 2 % reproducibility, (partly) 

saturated samples 

Berktas et al. (2020) 
HotDisk Thermal Constants Analyser, TPS 2500S, (partly) saturated 

samples 

Borinaga-Treviño et al. (2013) 
TCi C-Therm thermal conductivity tester, improved contact with 

measurement oil, dry samples 

Delaleux et al. (2012) 
No information on the manufacturer (own setup?), (partly) saturated 

samples 

Dong et al. (2022) Unsteady thermal conductivity tester, Harbin Institute of Technology 

Yang et al. (2024) DRE-2C type thermal conductivity tester, 5 % accuracy 

Zhao et al. (2024) TPS instrument (TPS 500) 

Zhou et al. (2018) Thermal Conductivity Meter (TCi) 
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Table A- 2: Measurement methods applied for the determination of specific heat capacity 

cp and volumetric heat capacity ρcp of grouting materials and other cementitious materials 

Method Literature Specifications 

Transient hot 

wire 

Frąc et al. (2021) 
Isomet 2104, surface probe, saturated and dry samples, measurement of 

the volumetric heat capacity 

Kim et al. (2017); Kim 

and Oh (2019) 

KD2 PRO (Decagon Manufacturing Co., Ltd., Pullman, WA, USA), SH-

1 (dual needle), 10 % accuracy, improved contact with grease, saturated 

and dry samples, measurement of ρcp and thermal diffusivity α 

Transient 

plane source 

Bentz (2007) HotDisk, cp-module with gold cell, (partly) saturated sample 

Zhou et al. (2018) Thermal Conductivity Meter (TCi), measurement of ρcp 

Calorimetry 

Extremera-Jiménez et al. 

(2021) 
ASTM D4611, dry sample, law of mixtures 

Liu et al. (2022) 
DSC, Q2000, TA Instruments, USA, functional cement paste for 

geothermal-coal synergetic mining, heat range: 20-80 °C 

Schutter and Taerwe 

(1995) 
DSC, hardening cement paste 

Shafigh et al. (2020) 
DSC, law of mixtures, (sand, cement for the application as building 

material, dry samples, 20-50 °C) 

Xu and Chung (2000) 

DSC, Perkin-Elmer Differential Scanning Calorimeter (Norwalk, CT, 

USA) (DSC-7), (cement-sand-mixtures for the application as building 

material) 
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Table A- 3: Sample preparation procedures applied for the analysis of thermal 

conductivity λ and volumetric heat capacity ρcp of grouting materials 

 Literature Mixing device  Mixing routine 

M
ix

in
g

 m
et

h
o

d
 

Allan (1997) 

Dependent on sample size: capacity blender, 

Hobart planetary mixer (1 L); air-driven grout 

paddle mixer, ChemGrout CG- 55OP (129 L); 

air-driven colloidal grout mixer, ChemGrout 

CG620 (227 L) 

5 min (with paddle mixer); 30-60 s 

(colloidal grout mixer) 

Bentz (2007) High-speed blender 
Several minutes and temperature-

controlled 

Berktas et al. (2020) 
High-share dispersion system from VMA 

Getzmann 
No information provided 

Dong et al. (2022) No information provided Mix and stir for 10 min 

Frąc et al. (2021) No information provided PN-EN 196-1:2006, 120 s 

Indacoechea-Vega et 

al. (2018) 
750 W mortar mixer with variable speed No information provided 

Mascarin et al. (2022) IKA mixer 

2 steps of about 1.5 min, EN 196–1, 

increasing rotation speed up to 385 

rpm, then manually remixing with a 

rubber spatula, at T = 20 °C, 65 % RH 

Mendes et al. (2019) Mortar mixer 1 min low speed, 30 s high speed 

Pascual-Muñoz et al. 

(2018) 
1500 W mortar mixer Speed regulation 

Song et al. (2019) No information provided 

Starting at a low speed of 4000 ± 200 

rpm, cement was added in 15 s, 

rotated at a high speed of 12 000 ± 

500 rpm for 35 s 

Viccaro (2018) Colloidal grout mixer UNI EN 196-1:2016 

Xu and Chung (2000) Rotary mixer with a flat beater 
No further information (“all 

ingredients were mixed”) 

Zhao et al. (2024) High-speed hand mixer  at 600 rpm 

 Literature Curing condition Hydration time 

C
u

ri
n

g
 c

o
n

d
it

io
n

s 

Allan (1997) 
Samples sealed to prevent evaporation, 

demoulded after 24 h, placed in a water bath 
14 d 

Alrtimi et al. (2013) No information provided >14 d 

Bentz (2007) 
Saturated (small volume of distilled water on 

top) or sealed conditions, at 20 °C 
8 h, 1-2-3-8-15-28 d 

Berktas et al. (2020) In climate chamber at 100 % RH and 20 °C 7 d 

Blázquez et al. (2017) Dry (?) and harden 28 d 

Borinaga-Treviño et 

al. (2013) 

At ambient temperature for 24 h – 2 d, 

demolition of moulds, submerged in water at 

20 °C 

14 d 

Dong et al. (2022) Remove mould aft 24 h, cure in water 28 d 

Erol and François 

(2014) 
80 % RH, at 20 °C  10 d and 30 d 

Frąc et al. (2021) 24 h in moulds, then immerse in water at 22 °C 28 d 

Indacoechea-Vega et 

al. (2018); Pascual-

Muñoz et al. (2018) 

48 h at ambient conditions, removal of moulds, 

immersed in water at 20 °C  
28 d 

Kim et al. (2017); 

Kim et al. (2016); 

Kim and Oh (2020) 

Ambient conditions, dried in the oven, saturated 

by placing in water for 2-5 d 
28 d 

Mendes et al. (2019) 
Demoulded after 24 h, in a moist chamber at 

25 °C and 90 % RH 
28 d 
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Park et al. (2011) Wet conditions continuously for 14 d 

Riegger et al. (2016) 100 % RH, ambient conditions 7, 14, 21, 28 d 

Shafigh et al. (2020) 
Removed from moulds after 24 h, in normal 

water at 23 °C 
28 d 

Song et al. (2019) 

In 8040D10 HTHP consistometer (Chandler 

Engineering Company, L.L.C) for 8 h, at T = 

60 °C, p = 20 MPa 

No information provided (> 8 h) 

Viccaro (2018) Drying (?) at 20 °C, 95 – 99 % relative humidity  28 d 

Xu and Chung (2000) 
Demoulding after 24 h, in the air at room 

temperature and 100 % RH 
28 d 

Zhao et al. (2024) 
Demould after 1 day, cure in lab environment at 

23 ± 2 °C, 45 ± 10 % RH 
28 d 
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2. Overview of the applied analyses 

 

Table A- 4: List of the applied methods and the corresponding sample conditions 

(hydration time t, water content w, saturation Sr) 

Materia

l 
Conditions Applied methods 

 
Mixing 

speed 

[rpm] 

Curing 

condition 
t [d] 

w 

[%] 

Sr 

[%

] 

Thermal 

conductivity 

Specific heat 

capacity 
Volumetric heat capacity 

Measurement method 

M1 2000 Under water 28 73.0 101 THW, TPS DSC 
THW, TPS, 

DSC + calculation 

M2 2000 Under water 28 69.8 102 THW, TPS DSC 
THW, TPS, 

DSC + calculation 

M3 2000 Under water 28 29.2 100 THW, TPS DSC 
THW, TPS, 

DSC + calculation 

M4 2000 Under water 28 58.3 99 THW, TPS DSC 
THW, TPS, 

DSC + calculation 

M5 2000 Under water 28 30.8 99 THW, TPS DSC 
THW, TPS, 

DSC + calculation 

M6 2000 Under water 28 52.9 101 THW, TPS DSC 
THW, TPS, 

DSC + calculation 

M7 2000 Under water 28 39.1 101 THW, TPS DSC 
THW, TPS, 

DSC + calculation 

Mixing speed 

M1 650 Under water 28 72.0 100 TPS DSC DSC + calculation 

M2 650 Under water 28 71.9 100 TPS DSC DSC + calculation 

M3 650 Under water 28 29.7 99 TPS DSC DSC + calculation 

M5 650 Under water 28 32.2 100 TPS DSC DSC + calculation 

Curing conditions 

M1 2000 Air-moist 28 70.2 98 TPS DSC DSC + calculation 

M2 2000 Air-moist 28 69.2 99 TPS DSC DSC + calculation 

M3 2000 Air-moist 28 26.4 94 TPS DSC DSC + calculation 

M4 2000 Air-moist 28 55.3 - TPS DSC - 

M5 2000 Air-moist 28 30.1 102 TPS DSC DSC + calculation 

Hydration time 

M1 2000 Under water 9 - - TPS - - 

M1 2000 Under water 14 71.9 - TPS DSC - 

M1 2000 Under water 21 70.9 - TPS - - 

M1 2000 Under water 28 71.4 - TPS DSC - 

M1 2000 Under water 56 71.4 - TPS DSC - 

M1 2000 Under water 112 73.5 102 TPS DSC DSC + calculation 

M1 2000 Under water 182 - - TPS DSC - 

M1 2000 Under water 273 73.8 - TPS DSC - 

M1 2000 Under water 365 73.0 103 TPS DSC DSC + calculation 

M2 2000 Under water 9 - - TPS - - 

M2 2000 Under water 14 73.1 - TPS DSC - 

M2 2000 Under water 21 72.7 - TPS - - 

M2 2000 Under water 28 73.7 - TPS DSC - 

M2 2000 Under water 56 73.8 - TPS DSC - 

M2 2000 Under water 112 69.7 100 TPS DSC DSC + calculation 

M2 2000 Under water 182 - - TPS DSC DSC + calculation 
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M2 2000 Under water 273 73.3 - TPS DSC - 

M2 2000 Under water 365 72.3 100 TPS DSC DSC + calculation 

M3 2000 Under water 7 - - TPS - - 

M3 2000 Under water 14 - - TPS DSC - 

M3 2000 Under water 21 - - TPS - - 

M3 2000 Under water 28 26.4 94 TPS DSC DSC + calculation 

M3 2000 Under water 56 28.8 - TPS DSC - 

M3 2000 Under water 112 29.0 - - DSC - 

M3 2000 Under water 182 28.3 98 - DSC DSC + calculation 

M3 2000 Under water 272 29.2 - - DSC - 

M3 2000 Under water 365 29.4 - - DSC - 

M4 2000 Under water 9 - - TPS - - 

M4 2000 Under water 14 57.6 - TPS DSC - 

M4 2000 Under water 21 58.5 - TPS - - 

M4 2000 Under water 28 55.3 - TPS DSC - 

M4 2000 Under water 56 56.3 - TPS DSC - 

M4 2000 Under water 112 57.8 101 TPS DSC DSC + calculation 

M4 2000 Under water 182 - - TPS DSC - 

M4 2000 Under water 273 57.9 - TPS DSC - 

M4 2000 Under water 365 57.7 102 TPS DSC DSC + calculation 

Transient hot wire (THW), transient plane source (TPS), differential scanning calorimetry (DSC) 
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3. Measurement uncertainties 

Table A- 5: Determination of measurement uncertainties based on the recommendations 

of the Guide to the Expression of Uncertainty in Measurement (ISO IEC 98-3 2008). 

Property  Method Uncertainty type A Uncertainty type B  

Density of suspension Mud balance 
Reading accuracy 1 

0.01 g cm-1 Single measurement  

Wet bulk density Immersion weighing 
Accuracy of balance 2 

0.001 g 

Standard deviation,  

incl. Student-t (2-3 measurements) 
 

Water content Gravimetry 
Accuracy of balance 2 

0.001 g 

Standard deviation,  

incl. Student-t (2-3 measurements) 
 

Thermal conductivity THW Accuracy 3 10 %  
Standard deviation,  

incl. Student-t (4-8 measurements) 
 

Thermal conductivity TPS Accuracy 4 2 % Standard deviation,  

incl. Student-t (3-5 measurements) 
 

Volumetric heat capacity THW 
Accuracy 3 15 % + 

0.001 MJ m-3 K-1 

Standard deviation,  

incl. Student-t (4-8 measurements) 
 

Volumetric heat capacity TPS Accuracy 4 7 % 
Standard deviation,  

incl. Student-t (3-5 measurements) 
 

Specific heat capacity (dry 

samples, cp,d) 
DSC 

Calibration 5 1.5 % 

Integration, 

baseline 5 3 % 

Mass of sample 6 0.1 % 

Thermal contact 5 0.2 % 

Standard deviation,  

incl. Student-t (5 measurements) 
 

Specific heat capacity (wet 

samples, cp,f) 

DSC,  

Water content 
Equation 4  

Volumetric heat capacity 
DSC, Water content, 

Wet bulk density 
Equation 6  

1 own estimate, 2 manufacturer value (Denver SI603, Sartorius AG, Germany), 3 manufacturer value (ISOMET 2104, 

Applied Precision Ltd., Slovakia), 4 manufacturer value (HotDisk TPS1500, C3 Prozess- und Analysentechnik, 

Germany), 5 Mettler Toledo (2016), 6 manufacturer value (Cubis II MCE 125P, Sartorius AG, Germany) 
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4. Differential scanning calorimetry 

 

Fig. A- 1: Temperature dependence of the specific heat capacity using the differential 

scanning calorimetry (DSC) method. Sample preparation: Mixed at 2000 rpm, cured under 

water and hydration time of 28 days.  
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