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Abstract ‘

>

The concern about the massive use of the non-renewable and ve lin? il fuels together

with the well-known effects of the global warming makes it necessary the efficient use of

the current forms of renewable energy generation. Because of theWal role played by the

( ,‘ proper selection of these

grouting materials in the Ground Source Heat Pu

elements should be made based on a dee th@ir performance. In this paper,
thermal conductivity, mechanical stren ( e permeability of four different highly
workable grouts have been tested before a ér they were subjected to wet-dry and freeze-
thaw durability treatments.AResults strated the harmful effects of using a large

amount of mixing water inNPtS d to those extreme loads. However, the use of these

type of grouts with very goﬁvorkabilit&s still possible in GSHP installations with balanced

thermal designs provided regular operational and environment conditions are considered.

Keywords: groun ource~eat pump, grouting material, thermal conductivity, mechanical

perfoMeW, durability.
w

round*40% of the worldwide energy is consumed to provide buildings with lighting, heating
0 ing [1]. Today, many of the systems used to supply all these services are not as efficient
ould be desired and cause the emission of greenhouse gases (GHGs) into the atmosphere.
However, the environmental consciousness and awareness of the actual impact is growing in
the last few years. The shallow geothermal energy systems or ground source heat pumps
(GSHP) are becoming more and more popular as one of the most efficient forms of renewable
energy. Through these systems, the heat is exchanged with the ground by means of a pumped

water/glycol fluid that flows through a buried pipe. Between the pipe and the ground, a grouting
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34  material is needed that provides the borehole with essential properties. In summer time, the

35  sensible heat from the water/glycol fluid is transferred by convection and conduction through

36  the pipe wall (radiation can be neglected) and then by conduction through the grout until the

37  grout/ground interface, from which the heat is transferred to the ground mostly by conduction.

38  When pipe-grout and grout-ground contacts are not good enough, the convection process a &

39 these interfaces becomes more important. In winter time, the heat moves in the oppo i .

40  direction by means of the same heat exchange mechanisms. From the env1ronrr.1tal nt 0

41  view the proper sealing provided by the grout would act as a hydraulic barrier ‘along

42 borehole to avoid cross-contamination of different aquifers and o{ Q&
43  contaminants to aquifers. Furthermore, a high pipe-ground heat exc e rate would, result in
44  a decrease of the borehole length and hence, in the reduction of the ins 10n costs and the
45  return of investment period. Finally, an appropriate mechayerfvanc‘f the grouting
46  material would provide the required stability of the borehole against ground loads, temperature
47  fluctuations or harmful debonding problems [2]. Still, when it ome”[he construction stage
48  of the GSHP installation, highly flowable grouts hfe?red t’ the detriment of materials
49  fulfilling all those properties. This is b e of the higher workability, which makes the
50 pumping operation easier. Something similar ha pe‘r& ther applications, where grouts are
51  required to have very good flow properties long with other characteristics.

>
52  Bentonite is a well-knowNatergjmd\ely used by drilling and geothermal energy related
3 =

53  companies. Workability andylow perm@lity are main advantages of this material, whereas
54  low thermal conductivity volumetric instability are probably the main drawbacks. Most of
55  the authors deal wmhermal conductivity of bentonite-based grouts and mortars and the
56  way tl‘&property nﬁe anced by adding silica sand [4] or different forms of graphite

57  [5,6,7]. T d1t1(\ se fillers resulted in higher conductivities of the tested grouts. As for
58 cem%tglj e influence on their effective thermal conductivity was studied when
59 il 2 8, ,10,11], steel sands, steel grits or steel fibres [8] and steel slags [12] were used
60 in

\& Mnt grouts, whereas potential borehole length reductions of 22-37% were estimated for

d nt gradatlons In all these cases, higher conductivities were obtained as compared to

2 ut with a thermal conductivity three times higher instead of the neat cement [9,13].

6 Different cement-based grouts were also subjected to tests that determined their hydraulic and
64  mechanical behaviour. More specifically, infiltration tests and mechanical push out tests were
65 developed in order to evaluate the sealing performance of the grouts and the bond quality at the

66  grout-pipe interface [2,14,15,16]. Results from the tests showed the very low permeability of
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both the neat cement and cement-sand grouts themselves. However, the permeability increased
when the same test was applied to grout-pipe specimens, probably due to the presence of
pathways at the interface. On the other hand, a superior sealing quality was obtained for the
cement-sand grout as compared to the neat cement grouts, what agrees with the higher

mechanical bond strength measured for cement sand-grouts. ’

Durability is an indispensable requisite for grouting materials that might suffer from {N
@
thaw and wet-dry loads during their lifetime. Freeze-thaw cycles are likely to occur SHP

systems are not properly balanced and the winter heating loads are much larger the summer>
cooling loads. As for the wet-dry cycles, they play a key role when t atrons re
located in areas with variable water tables. A severe damage due to an se events could

eventually result in an increase of the borehole thermal resistance and there ore a decrease of

the GSHP thermal performance. Likewise, this damage coulM impact the environment.

According to [14,15], the hydraulic conductivity of ceme@nd gr(Mpe specimens slightly
increased as a result of applying wet-dry loads, s"}ieg ’ement specimens critically
cracked after the treatment. In this sense, f steel ibres to cement-based grouts was
shown to improve the cracking resistanee to}&erlal and mitigate the increase of
permeability that wet-dry cycles involve [17]%As for the effect of freeze-thaw cycles, Erol and
Francois [18] evaluated theu ﬂue\€ of the perme\zlbility of silica-sand and calcite based grouts
on their cracking resistance due to the—‘ﬁ;: al stress induced by freezing loads. Also, the effect
of freeze-thaw cycles on mechanicg

specimens was neiras orted in [19]. Finally, the compressive strength of cementitious

nd thermal performance of cement-sand grout/pipe

grout/pipe specimens exhibited certain decrease when -5°C/50°C cycles were applied [20].
\ \ y
In order gap and consolidate the knowledge on this issue, the durability of four
d1ff(%‘%c: n%naterlals with high water/solid ratios for workability (pumping) purposes has
edsin this paper as a continuation of the research published in a previous one [21].
Thus e sultablllty of these grouts has been discussed based on their thermal, mechanical and

hy behaviour both before and after extreme conditions in the form of wet-dry and freeze-

loads were applied.
2. Materials and methods

Along the research that made possible this paper, four different grouts consisting of Type |

Portland cement, bentonite clay, silica sand and graphite flakes were considered as typical in

\,

. 4



98 the construction of GSHP installations. Proportions (by weight) of the solid fraction of the

99  grouts are presented in Figure 1 whereas the composition including the mixing water as well as
100 the corresponding water/solid (w/s) and water/cement (w/c) ratios are shown in Table 1. As can
101  beseen in Figure 1, the grouts here analyzed have decreasing and increasing contents of cement
102  and bentonite, respectively. As for the sand and graphite, grouts G1, G2 and G3 keep a simﬂa &
103  global amount of these components (25%), although G1 consists of sand only Whereas i N
104  and G3 both components exist that are distributed in the opposite way. While 1nC3 th se 0
105  bentonite is aimed to improve the plastic properties of the grout, the high content cla

106 G4 comes from the need of keeping the sand in suspension to avoid sedimenta

107  According to this composition, the behavior of G1 was expected to be
108  amount of cement and the moderate (in this context) w/c and w/s ratios.
109  content and the still moderate (when compared to G2) w/s rayGS,dlom}}dble behaviour
110  before the durability treatment should be expected from thi grou@aite the higher use of

111 bentonite. As for G2, results should be cleary influenced uch higher amount of mixing
112 water used, which is linked to the extensive use of@e as @]‘ncmg additive. Finally, the
113 particular composition of G4, with a ve and xtenswe use of bentonite, should

114  make a difference as compared to the oth

Cement Sand Graphite  m Bentonite
80%
70%
60%

50%

N

\ 0%
X -
NN\ -

0%

\ V\ Gl G2 G3 G4

Figure 1. Proportions (by weight) of the solid fraction of the grouts considered for study.

11 For the characterization of the grouts at laboratory level, typical tests were performed according
117  to EN and ASTM standards: fresh and hardened density, water-accessible porosity, bleeding
118  and Marsh Funnel (MF) viscosity. Results were as expected [21] and therefore, all the grouts

119  were considered suitable for the durability assessment.



120 Table 1. Composition (by weight) of the grouting materials including mixing water

GROUT Cement Bentonite Sand Graphite = Water w/s wic
(%) (%) (%) (%) (%) (kg/kg)  (kg/kg)
G1 49 4 18 0 29 0.4 0.6
G2 36 6 3 11 44 0.8 1.3
G3 35 15 14 3 33 0.5 1.0 ’
G4 8 18 38 0 36 0.6 43 &

121 v
122 For the preparation of the different grout specimens, a 750 W mortar mixer with \gr blip{d

123 was used. The power of this mixer was assumed high enough based on the ﬂu1 cy of,

124  the grouts. Fresh grouts were cured for 48 hours under laboratory co 1ng ds

125  were removed and the specimens were immersed in water at 20 °C for curing days. Finally,

126  mechanical, thermal and hydraulic-infiltration tests were carried out on grout specimens

127  before and after they were subjected to repeated freeze- tha\w wet-dry c‘es One tailor-

128  made and two standard types of specimens were used to ith the requirements of the

129  different laboratory tests [21]: thin solid cylinders for theCh?al conductivity tests; hollowed
130  cylinders with one embedded HDPE pipe for the mlc te@;’and a rectangular prism for
131  the mechanical strength tests. Specific to cut a andl’PVC molds were arranged for the

132 first two types of specimens while standa a{ molds were used for the third one.

133 Grout were exposed to 28 freeze-t cycles andhp to 14 wet-dry cycles, lasting 24 hours and
134 9 days per cycle, respectw& For thefirs8 hours of each freeze-thaw cycle, specimens were
135  placed in a freezer at a te@ture of C, while for the last 16 hours they were placed in a
136  water tank at ambie petature (+20°C). As for the wet-dry cycles, specimens were placed
137  in a water tank at aﬁ temperature (+20°C) for 7 days and then introduced in a drying oven
138 at 40°C¥for the folloM (ﬂys. Four different tests were carried out on the grouting materials
139  before Ner thtreme loads were applied. Thermal conductivity values in accordance

X STMQ34—08 standard were obtained after 0, 7, 14, 21 and 28 freeze-thaw cycles
141 an\er ngld 14 wet-dry cycles. Three measurements were taken with the TP02 probe of

\Mﬁ Wﬂux TPSYSO02 system from each of the three specimens used per type of material and
oa

140  with

43 ied. This Non-Steady-State Probe (NSSP) method, also known as transient line source,
with conductivity and temperature ranges of 0.1 to 6 W/mK and -55 to 180 °C, respectively,
14 complies with the standard followed. As for the mechanical tests, values of compressive and
146  flexural strength of the hardened grouts were measured (EN 1015-11) at 0 and 14 wet-dry cycles
147 and at 0 and 28 freeze-thaw cycles, although the fact that the specimens became seriously

148  cracked during this period also influenced the final number of cycles. Flexural and compressive



149  strengths were determined as the mean values of the three and six specimens tested,

150  respectively. Likewise, ultrasonic pulse velocity through the grouts was measured with a CSI

151  Concrete Tester CCT-4 in order to monitor existing manufacturing defects or the rise of cracks

152  after the durability treatment. To calculate it, the length of the specimens was divided by the

153  time taken by the pulse to get through them, which was measured before and after t@ K
154  application of 14 wet-dry cycles and 28 freeze-thaw cycles. .

. 4
155  The loss of grout-pipe bond quality was evaluated as related to the hydraulic con ﬂlty\of

156  the grout-pipe system, which was measured at 0, 7, 14, 21 and 28 freeze- thaw at 0
157 1 and 7 wet-dry cycles. An increasing permeability of the grout- p1p ult
158  cycles applied would be linked to the raise of cracks or defects w1th1n t-pipe interface,

159  which might lead to issues such as the decrease of the GSHP efﬁc1enc>; Cross-contamination
160  of aquifers. To calculate the hydraulic conductivity of the gro ipe spec1mens variable head
161  permeability tests were performed by means of a basic tgjnad evice with a pipe on top

162  that made possible to supply a water column to the specimen
163  to either passing through the grout itself or the ﬁ)e intérface. The value of hydraulic

1. “The water would be restricted

164  conductivity was determined accordingdo the }irMn ’21] and is based on the time taken

165 by the water to drop a certain length of pi ree specimens per type of grout and durability
166  treatment were tested. >

\ C.
167 3. Results and Discussi )

168  3.1. Thermal condﬁ

169  Resultspof themmal ducti’ity of the grouts before and right after they were exposed to 14
170  wet- dry a 8 fr -thaw cycles, are displayed in Figures 2 and 3 for comparison purposes.
171 As 1t an be seevalues of thermal conductivity before the application of the extreme loads are
172 \‘- ee'cted if the use of conductive fillers such as silica sand or graphite is considered
2,5,7]."Fhis is because of the synergistic effect of the excess of mixing water and the increasing
52 tonite. Thus, along with the very well-known poor thermal properties of the bentonite,
thethigh w/s ratios normally used in common grouts for workability purposes would eventually

1 result in higher porosities and hence, in lower thermal conductivities [8,18]. As for the evolution
177  of this parameter with time when extreme loads are applied, Figures 2 and 3 shows how the
178  thermal conductivity of the grouts seems not to be much influenced by the application of wet-
179  dry and freeze-thaw loads, respectively, and only the high amount of mixing water in G2 seems

180  to affect, but to a minor extent.
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182
S, ough the specimens of some grouts actually suffered from some damage (Figure
f N
2 4), ciMfter being subjected to freeze-thaw cycles, the use of casings helped to prevent
\ ir cal deterioration whereas the presence of remaining water in between the cracks

ially restrained the expected thermal performance decay. Note that the use of casings
does not mean significant alteration in the analysis of results because the grout is naturally
confined by the ground in GSHP installations. In this sense, Figure 5 shows what the relation
between the w/s ratio and the resulting decrease of the thermal conductivity after the two
durability cycles is like. It can be seen that for low w/s ratios the retained conductivity is

close to 100% no matter the durability process considered, and only when the ratio increases
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186

the percentage of retained conductivity starts to drop and the differences between the trends

of both curves come up. The equations of the fitted curve are only illustrative, as a higher

number or w/s ratios should have been tested in order to properly validate them.

Retained thermal conductivity (%)

Figure 4. Damage in specimens after 14 wet-
dry cycles (G2) and 28 freeze-thaw cycles.

3.2. Mechanical performance

Results of the tests done t(N sp
6. As expected, low Values‘ compressive and flexural strengths were obtained.
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Figure 6. Compressive and flexural strengths of grouts as a function of their w/c ratios.
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Mechanical Strength (Mpa)

Values of compressive strength ranging between 1.1 and 11.7 MPa have been obtained in this
research, whereas values of up to 36 MPa were reached by more conventional mortars with less
remarkable flow properties [17]. Also, the w/c ratio used for the design of the grouting materials
is very relevant when their mechanical performance is concerned. In this sense, the higher
values of mechanical resistance of grouts with lower w/c ratios as well as the tendency of th
parameter to decrease with increasing w/c ratios are illustrated in Figure 6, which i
accordance with the literature [20,22]. The deviation of G2 from the expectedten y is
probably due to the much higher amount of mixing water used, which is on account ofithe g

amount of graphite added to this admixture. The low quantity of sand sheuld ffect. in

@

borehole against ground loads, the structural role is not between the

rb%

all, although certain mechanical capacity is always required to gua stability of the

quisites of these

geothermal grouting materials, which makes all of them suit

applications.
Regarding the durability of the grouts, the results of the te edafter the wet-dry cycles
(Figure 7) clearly state that there is hardly any harfn f this specific treatment on

imens during the time they were
mechanical deterioration. Therefore,
although some differences can be observed suchyas the little increase in the resistance of grouts
with higher w/c and w/s ratios or the lack of substantial change of grouts with more moderate
ratios, this has been assumgbe ue to the uncertainty of the testing procedure or the intrinsic

behaviour of the material

iR

Groutl mGrout2 ®Grout3 ®mGroutd
14.00

12.00 I
10.00
8.00
6.00
4.00

2.00

0.00

Comp. 0 Cycles Flex. 0 Cycles Comp. 14 Cycles Flex. 14 Cycles

Figure 7. Evolution of the mechanical strength of grouts when exposed to Figure 8. Critical damage in specimens for
wet-dry cycles. mechanical testing after 7 freeze-thaw cycles.



209  On the other hand, no conclusive results were obtained from the freeze-thaw treatment due to
210 the freezing-induced stress that resulted in the formation of fatal cracks on the specimens only

211 after the first 5 to 7 cycles (Figure 8).

212 Testing was impossible and their freeze-thaw strength was thus considered negligible, as it was

213 with the simpler neat cement grouts tested in [19], whereas other more conventional mortar:

214  are not so critically affected [14,20] by this treatment. Accordingly, the use of water in ¢ ‘v‘
215  for workability purposes turned out to be extremely harmful for the durability of t& 0 ere

216  considered. Therefore, their use should be carefully considered in GSHP %

217  unbalanced thermal designs or very demanding operational conditions i In general,

218  not only the decrease of the stability of the borehole should be taken 1 ccount (thisgnatters,

219  but in a lesser extent), but also the rise of less critical cracks that would eventually lead to

220 increasing borehole thermal resistance or environmental impx , ‘

D -

221 A similar analysis can be done based on the results of the m}w velocity tests (Figure
d‘?nfer a noticeable change in
4 wet-dry cycles, especially

222 9). The very small variations obtained (under 7%) d
223 theinternal structure of the grout specimens after b&‘

0.not
e
224  if the accuracy of the testing equipment{s consider ’

W0 Cycles 14 Cycles

!
' 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
Ultrasonic Pulse Velocity (m/s)

Figure 9. Variation of the utrasonic pulse velocity through the grouts before and after the wet-dry treatment.

2
226 3.3. Grout-pipe permeability

227 A study was also done about the hydraulic conductivity or permeability of the grout-pipe system
228  before and after the durability treatments. Based on the magnitude of the data collected during

10



229 the tests and the variations occurred, logarithmic axis have been used in the following graphs
230  for the proper analysis of those results. The bar chart in Figure 10 shows the evolution of this

231  parameter when the wet-dry cycles are applied.
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Figure 10. Evolution of the hydraulic conductivity of the gr ystem wh’ exposed to wet-dry cycles.
o

232

233 This chart shows that the permeability 11t e’ grm\, specimens right after the 28 days

234 curing period is very low no matter their composition or the amount of water used for their

235  manufacturing. The results.are clogéor even sliglNy lower to those measured in [2,20], which

236  means that a suitable sealing\paci ere achieved in spite of the different methodological

237  approach proposed by those researcher

238  Regarding the resub;r ility, the values of hydraulic conductivity obtained at the end of
239  the treatment showed an impbrtarﬁ increase of the permeability of all the grout-pipe specimens,

240 mgmﬁc%ﬂy 'fngher tham c‘her representative research projects [14]. This is especially critical

241 2 an 4 with much higher w/s ratios, where the hydraulic conductivity drop

242 ixger 0~) (Figure 11). The shear stress originated in the grouts because of the higher

243 _t exﬂon coefficient of the HDPE pipe, might have caused this serious loss of grout-

% w&]uahty as well as the rise of cracks. As for the other grouts, the drop is not so severe,
45 ith remaining hydraulic conductivities on the order of 107,

2 On the other hand, considering the close values of permeability achieved by G1 and G3 after

247 the treatment, the extra amount of bentonite in G3 seems to have had hardly any effect or
248  otherwise the treatment might not have been so demanding as to make this component critical.
249  Based on the fact that most of this drop occurred during the first cycle, after which the values

250  of permeability suffered very little change, and considering also the extreme loads applied

11



251
252

253
254
255
256
257
258
259
260

261
262
263
264

26

269
270
271
272

(including a 2-days stay in oven at 40 °C) these grouts would potentially fulfill the requirements

of a conventional GSHP installation.
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o el
Figure 11. Influence of the mixing water on the permeability h" -pipe sp?mens after the wet-dry cycles.

1M¢c1mens has been represented as a

e materials. As can be seen from the graph, an

In Figure 12, the grout-pipe permeabili @
function of the initial mechanical resistance

accurate correlation exists between both parameters, just like happened (in a lesser extent) when
these grout-pipe spemmen\are S to heating-cooling cycles in a previous stage of the
research [21]. Thus, even theugh the sheytrength has not been determined, this graph actually
illustrates how the materials, with higher compressive and flexural strength seems to better

withstand the stres@ as a re/sult of the different expansion coefficient of pipes and grouts.

Finallygithe evolunMeﬁydrauhc conductivity of the grout-pipe system when exposed to

freeze cles own Figure 13. Just like it was done in previous treatments, the number
of c§l apphe%epended on the level of deterioration reached by the materials tested. In this
S for%wet -dry cycles, the treatment finished when most of the grout-pipe specimens

\

ched acritical condition in terms of permeability. According to this chart, at the time of
ini the freeze-thaw treatment, the variation on average of the permeability of the grout-
pipe specimens was rather higher than for the former treatment. This is because unlike with the
wet-dry loads, from which only those grouts with highest w/s and w/c ratios suffered severe
damage, all the grouts after the freeze-thaw treatment have reached a critical situation in terms
of sealing capacity no matter the amount of mixing water used. Regarding grouts G1 and G3,
at the end of the durability treatment a difference of one order of magnitude existed between

them. The flexible sealing properties provided by the extra content of bentonite in G3 might

12

. ’ &
3.0E+05
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273 have helped to overcome the problems that rigid grouts as G1 can face in terms of the different

274  thermal expansion coefficients of grout and pipe.
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Figure 12. Variation of the grout-pipe permeability VerMcha%:’resistance of the grouts.
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7 damage suffered by these four grouts, whose workability was sought by means of using a
2 high excess of mixing water, contrasts with the lack of significant impact of the freeze-thaw
279  treatments in other authors’ research [14,20], where more conventional w/c ratios were used.
280  Considering their important goal as a barrier against contamination of aquifers, the use of grouts
281  whose grout-pipe bond quality is cleary affected by extreme loads, should be restricted to GSHP

282  installations with moderate potential environmental risks.
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283 4. Conclusions

284 In this paper, four types of grouting materials with improved workability by means of using an
285  excess of water for their design have been characterized before and after being subjected to a
286  double durability treatment based on the application of extreme wet-dry and freeze-thaw cycl

287  loads. The following conclusions can be remarked as a result of the analysis previously done:

288 e The values of thermal conductivity, mechanical performance (compressw?a d dxu\al
289 strength) and sealing capacity of the grouting materials after the 28 days I‘lO(%
290 are influenced by the amount of mixing water used. Thus, th e&ecrea
291 the w/s (and w/c) ratio of the four grouts increases. The i 1nc se of bentonite
292 would have also contributed to the low-medium values of conducti
293 e The thermal conductivity of the grouting materials wiw w/ &ios&;oorly affected
294 by both durability treatments, whereas for the hiighest ratios the loss of thermal
295 conductivity starts to raise as well as the differen tween wet-dry and freeze-thaw
296 treatments. Nevertheless, the variations m eredliays lower than 16%, which
297 eventually make the grouts suit n rmswerrfl performance for GSHP systems
298 with average operational requirem
299 e The limited differences ex1st1ng inte o{the mechanical performance of the grouting
300 materials before an ter i ﬂbjected to wet-dry cycles might not be related to the
301 durability treatment t to the unc amty of the testing procedure. On the contrary, the
302 compressive and flexural strength o f these grouts against freeze-thaw cycles have been
303 considered Wle accordlng to the critical stress-induced cracks appeared within the
304 ‘601mens
305 increa ox h’ydraulic conductivity suffered by the grout-pipe specimens when
306 ’ }@e to wet-dry cycles, seems to be dependent (on a certain extent) on the amount
ixindg,\rater used for the manufacturing of the grouting materials and hence, on their

307 0

308 echanical performance after the 28 days curing period. Thus, grout-pipe specimens

\oa V}h lower w/s ratios were able to keep a suitable sealing capacity, whereas the

0 remaining materials, with highest w/s and w/c ratios, suffered a critical increase of the
grout-pipe permeability.

In the context of this research and based on the fact that both durability treatments were

313 applied until critical degradation of some of the grouts involved, the freeze-thaw
314 treatment has resulted to be the most harmful in terms of the integrity of the type of
315 grouts here studied. On the other hand, the drying process has resulted to be more

14



316 unfavorable for the thermal performance of the GSHP installations.

317  Therefore, as a general conclusion, grouts with high amount of mixing water for workability
318  purposes can be used in GSHP systems as long as the water/solid ratio is within a certain limit

319  and regular operational requirements and environmental conditions are considered. ’ K
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