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Abstract

Recently, a new hybrid geopolymer/biopolymer (GP/BP) cementitious material was developed for improving the performance of
pumpable roof supports in underground mines. This study demonstrates the application of the hybrid GP/BP cementitious material
and validates its effectiveness in full-scale. In this regard, eight (8) full-size (0.61 m diameter and 1.52 m height) cribs were produced
in collaboration with Minova International Ltd and tested at the National Institute for Occupational Safety and Health (NIOSH) Mine
Roof Simulator (MRS) Laboratory. These full-size cribs were produced with different material configurations to evaluate the effect
of water to solid (W/S) ratio, Portland cement (PC) content, and BP dosage. The results demonstrated and validated the effectiveness
of the hybrid GP/BP cementitious material in increasing the peak and residual bearing capacities of pumpable cribs and eliminating
the issue of deterioration when exposed to air compared with the conventional Portland cement/fly ash (PC/FA) cementitious mate-
rial currently used in practice. On average, the peak uniaxial compressive strength (UCS) and the highest residual UCS after peak
of the full-size cribs produced from the hybrid GP/BP cementitious material are 1.90 and 1.33 times of those of the PC/FA-based
full-size cribs by one company and 2.32 and 1.66 times of those of the PC/FA based full-size cribs by the other company, respectively.
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1 Introduction

Effective roof support is critical to prevent ground falls and
ground fall accidents. There are mainly two types of roof sup-
port systems, intrinsic supports, and standing supports. Intrinsic
supports like roof bolts normally carry the load as roof deforms
and interacts with the surrounding rock to reduce bed separation.
On the other hand, standing supports take the load as roof and
floor converges. Can support is probably the mostly widely used
standing support which can provide large-deformation support.
However, there are some limitations for Can support, including
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(1) wood chips required to provide a good contact with roof
which decreases the efficiency of the support due to softening
of the Can support and (ii) difficulty in handling and installation
of the bulky supports [1-3].

To address the limitations of the conventional standing sup-
ports, pumpable roof supports (PRSs) are increasingly used [4].
A PRS contains a crib bag and the cementitious material in it
(Fig. 1). To produce a PRS, the collapsible crib bag is hung to
the roof and stretched down to the floor. Then, the bag is filled
with a two stream cementitious material pumped from ground
surface. The combination of the cured cementitious material
with the confinement from crib bag with steel wires around it
forms the complete PRS.

For a PRS to provide effective and safe support to the roof,
the key is to ensure that the support system, especially the
cementitious material, to have high peak and residual strength
and be stable with time through the mining induced loading [7,
8]. However, the cementitious material currently used in practice
to produce PRSs is conventional Portland cement/fly ash (PC/
FA) based and has limitations, including (1) the peak and resid-
ual bearing capacities are inconsistent and sometimes too small
and (2) when exposed to the air, the PC/FA based cementitious
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material severely deteriorates, potentially rendering the support
much weaker and adversely affecting the overall safety [3]. To
enhance the performance of PRSs, an unconventional cemen-
titious material that can effectively minimize or alleviate the
limitations of the conventional PC/FA cementitious material
needs to be developed.

In this regard, we recently developed a new cementitious
material based on a novel cement called geopolymer (GP) for
enhancing the performance of PRSs [3]. GP is a class of cemen-
titious material that is formed by alkali or acid activation of high
aluminosilicate content precursors [9-18]. Compared with the
conventional PC, GP not only shows superior performance like
rapid strength gain and low shrinkage but also consumes less
energy and produces lower greenhouse gas emissions [19-21].
Like the conventional PC, however, GP also shows brittle behav-
ior with low fracture toughness. Therefore, we used biopolymer
(BP) to improve the ductility of the GP cementitious material
[22-24]. The underlying mechanism for this improvement is
that the BP dissolved in the activator solution creates thin films
around the unreacted particles and creates a bridge between
cracks, enhancing the mechanical properties of the GP [24, 25].

For convenient mining applications where the material is
typically pumped from the surface to the active mine section
underground where the support is constructed, the new hybrid
GP/BP cementitious material was designed to be a mixture of
two pumpable grout streams (Fig. 2). Stream 1 is composed of
FA, cement kiln dust (CKD) or PC, superplasticizer (SP) and
water, and stream 2 contains sodium hydroxide (SH), sodium
silicate (SS), and BP. The FA is the aluminosilicate source for
GP formation. The CKD or PC is for adjusting and controlling
the setting time of the hybrid cementitious material while the
SP is for improving the pumpability of stream 1. The SH is the
alkali activator for GP formation and the SS is for adjusting the
Si/Al ratio and providing additional Na+ cations for charge bal-
ancing. The BP (e.g., carrageenan) is for further enhancing the
mechanical behavior of the GP through formation of an inter-
penetrating cross-linked network binding and toughening the GP
matrix [3, 26]. When the two streams stay alone, they remain as
a slurry and a solution, respectively, and can be easily handled

Fig.1 a Crib bag in a collapsed
configuration hung to the roof;
and b crib bag after filling with
cementitious material [5, 6]
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and transported. When they are mixed together and poured into
a crib bag through a Y-connector, a GP/BP composite cementi-
tious material is formed. The new hybrid GP/BP cementitious
material can be tailored and used in practice at different condi-
tions to achieve the optimum performance by simply adjusting
the relative amount of the different components [24].

The hybrid GP/BP cementitious material has been success-
fully developed for improving the performance of PRSs in the
laboratory [24]. As a preliminary demonstration and validation,
small-size (0.15 m diameter and 0.30 m height) bagged speci-
mens were produced and tested. The results clearly show that the
bagged specimen produced from the hybrid GP/BP cementitious
material has much higher peak and residual strength than the crib
bagged pumpable roof supports currently used in practice [2].

Before the hybrid GP/BP cementitious material based PRSs
are applied in practice, their performance and effectiveness need
to be demonstrated and validated in a full scale. Therefore, full-
size pumpable cribs were produced and tested to demonstrate
and validate the effectiveness of the hybrid GP/BP cementitious
material in a field scale. Specifically, eight (8) full-size (0.61 m
diameter and 1.52 m height) cribs were produced in collaboration
with Minova International Ltd and tested at the National Institute
for Occupational Safety and Health (NIOSH) Mine Roof Simula-
tor (MRS) Laboratory. These full-size pumpable cribs were pro-
duced using the hybrid GP/BP cementitious material at different
conditions in order to evaluate the effect of water to solid (W/S)
ratio, PC content, and BP dosage. The results will be useful for
commercialization of the hybrid GP/BP cementitious material
for practical applications. This paper presents the full-scale tests
performed and the results obtained.

2 Production and Test of Full-Size Pumpable
Cribs

2.1 Materials

The materials used for producing the pumpable cribs
include class F fly ash (FA), ordinary Portland cement
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Fig.2 Flow chart of two grout streams pumped to a crib bag to form pumpable roof support

(PC), reagent grade 98% sodium hydroxide (SH) (NaOH),
sodium silicate (SS) (Na,SiO;) solution, superplasticizer
(SP), biopolymer (BP), and tap water. The FA is the alu-
minosilicate source for geopolymer (GP) formation and
was purchased from Eco-Material Technologies in Cadiz,
OH. The PC type I/II is a high calcium content material
selected as an accelerator to adjust and control the setting
time of the hybrid cementitious material and was obtained
from Argos S.A. cement company through a local supplier.
Table 1 shows the chemical composition of the FA and PC
from XRF analysis. The FA contains mainly silica and alu-
mina while the PC contains mainly calcite and silica. The
NaOH is an alkali activator required for GP formation and
was purchased from Chemical Store in Clifton, NJ. The
SS solution (SiO, =28.00-29.74%, Na,0 =8.70-9.38%,
and H,0 =60.88-63.3%) is for adjusting the Si/Al ratio
and providing additional Na* cations for charge balancing
and was purchased from Hawkins Inc in Roseville, MN.
The SP is for adjusting and controlling the pumpability of
the first stream and was purchased from Sika Corporation,
California. The BP (carrageenan, CAR) was used to further
enhance the mechanical behavior of the GP. The CAR is
a natural high molecular weight polysaccharide produced
from seaweed plant [27] and was obtained from Ingredion
Inc., Westchester, IL.

2.2 Methodology

The hybrid GP/BP cementitious material is designed to be a
mixture of two separate pumpable grout streams: stream 1 com-
posed of FA, PC, SP, and water and stream 2 containing SH, SS,
BP, and water (Fig. 2). To prepare the first stream, the FA, PC,
and water were first mixed in a ChemGrout 600 high pressure
colloidal mixer (Fig. 3), and then the SP was added while mix-
ing continued to obtain a homogeneous slurry. To prepare the
second stream, the SS solution was first placed in a container,
and then SH pellets were dissolved in it and left at room tem-
perature to cool down before used. When BP was used, it was
also added at the same time as the SH in order to be thoroughly
mixed in the solution. After both streams were ready, they were
pumped through two separate pipes and then mixed through
a Y-connector and poured into the crib bag (Fig. 4). The crib
bags filled with the hybrid cementitious material (Fig. 5) were
kept at room temperature for 28 days and then transported to
the NIOSH MRS laboratory for testing. During the produc-
tion of the full-size (0.61 m diameter and 1.52 m height) cribs,
small-size (76.2 mm diameter and 152.4 mm height) unbagged
specimens were also produced for evaluating the mechanical
properties of the hybrid cementitious material itself.

In total, eight (8) full-size cribs were produced aiming to
study the effect of main factors: water to solid (W/S) ratio

Table 1 Chemical composition

of FA and PC Chemical compound  SiO,  ALO; CaO Fe,0; MgO Na,O SO; K,0 LOI Others
FA (wt. %) 4992 27.64 245 1248 0.76  0.79 1.29 238 290 1.11
PC (wt. %) 19.4 622 3.0 2.8 069 3.1 NA 401 NA
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Fig.3 ChemGrout 600 high pressure colloidal mixer used for mixing
and pumping stream 1

(0.55, 0.60), PC content (20, 30 wt.% of FA+PC), and BP
dosage (0, 0.3 wt.% of FA +PC). Two cribs were produced
at each condition. The details of the eight cribs are shown in
Table 2. For all the cribs, SP at a dosage of 2 wt.% of FA+PC
was used in stream 1, and a SH concentration of 5 M and a SS/
SH ratio of 1 were selected for stream 2.

The uniaxial compression tests were conducted using the
NIOSH MRS loading machine (Fig. 6) at a constant load-
ing rate of 0.5 in/min (0.21 mm/s) to measure the peak uni-
axial compressive strength (UCS) and the residual UCS of
the cribs. The small-size unbagged cylinder specimens were
tested using a Humboldt compression machine at a loading

— Stream 2

Fig.4 Y-connection used to mix stream 1 and stream 2
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Fig.5 Crib bags filled with hybrid cementitious material

rate of 0.25 MPa/sec to measure the peak UCS of the hybrid
GP/BP cementitious material with no crib bag confinement.

Scanning electron microscopy (SEM) imaging was per-
formed in the SE conventional mode with a FEI INSPECT-
S equipped with a Thermo Noran 6 energy-dispersive
X-ray spectroscopy (EDX) detector to investigate the
microstructure of the hybrid GP/BP cementitious material
at different conditions. The fresh surface of failed speci-
mens from the uniaxial compression tests, without polish-
ing to keep the fractured surface “un-contaminated,” were
used for the SEM imaging. Along with the SEM, EDX
was also conducted to evaluate the elemental composi-
tion of the hybrid GP/BP cementitious material. The XRD
analysis was also done using a X’Pert Pro MPD X-ray
diffractometer (Philips Analytical) equipped with the Cu
Ka X-ray source and real-time multiple strip (RTMS)
X’celerator detector. The XRD patterns were recorded
within the range of 2 theta angles from 5° to 90°, with the
rate of about 1.9°/min. The sample composition analy-
sis was performed using the X’Pert HighScore software
(Philips Analytical).

3 Results and Discussion
3.1 Small-Size Unbagged Cylinder Specimens

Figure 7 shows the peak UCS of the small-size unbagged
cylinder specimens produced during the production of the
full-size cribs. As can be seen, by increasing the BP con-
tent from 0 wt.% to 0.3 wt.% at W/S =0.55 and 0.60, the
peak UCS increased from 5.38 to 6.11 MPa and from 8.36
to 11.11 MPa, respectively. The peak UCS at W/S =0.60
is higher than that at W/S =0.55 mainly because a higher
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Table 2 Eight full-size c.ribs Number of Composition of hybrid cementitious material
produced using the hybrid cribs
cementitious materials at W/S  PC content BP content SP content SH SS/SH
different conditions (wt.% of FA+PC) (wt.% of FA+PC) (wt.% of FA+PC) concentration

2 055 20 0 2 5M 1

2 055 20 0.3 2 5M 1

2 0.60 30 0 2 5M 1

2 0.60 30 0.3 2 5M 1

Fig. 6 NIOSH MRS loading machine used to test the full-size cribs
PC content (30 wt.% instead of 20 wt.%) was used at the
higher W/S ratio.

3.2 Full-Size Cribs

3.2.1 Effect of SH Concentration and SS/SH Ratio

Figure 8 shows the stress—strain curves of the full-size cribs

produced from the hybrid GP/BP cementitious material with
W/S=0.55 and 20 wt.% PC and at O wt.% BP (Fig. 8a) and

0.3 wt.% BP (Fig. 8b), respectively. For comparison, the
stress—strain curves of the full-size cribs from Company I
and Company II with the conventional PC/FA cementitious
material currently used in practice are also shown in Fig. 8.
As can be seen, the full-size cribs produced from the hybrid
GP/BP cementitious material have much higher peak UCS
and slightly higher or about the same residual UCS com-
pared with the full-size cribs from Company I and Company
II with the conventional PC/FA cementitious material cur-
rently used in practice. Table 3 provides a summary of the
peak UCS, the highest residual UCS after peak, the strain at
the peak stress, and the number of shed events obtained from
the stress—strain curves in Fig. 8. As can be seen, the addi-
tion of 0.3 wt.% BP improved the mechanical performance
of the cribs. For example, by including 0.3 wt.% BP, the peak
UCS increased from 7.46 to 8.64 MPa, although the high-
est residual UCS after peak slightly decreased from 5.00 to
4.80 MPa. Also, by including 0.3 wt.% BP, the strain at the
peak stress increased from 3.31 to 3.96% and the number of
shed events decreased from 4 to 3. This is probably because
the shrinkage/micro-cracking was reduced during the drying
process by creating thick and high tensile biopolymer dehy-
drates like films between the particles [24, 25, 28].

Figure 9 shows the stress—strain curves of the cribs pro-
duced from the hybrid GP/BP cementitious material with
W/S=0.60 and 30 wt.% PC, and at 0 wt.% BP (Fig. 9a) and
0.3 wt.% BP (Fig. 9b), respectively. Again, for comparison,
the stress—strain curves of the full-size cribs from Company

Fig.7 Peak UCS of small-size
(76.2 mm height and 152.4 mm 16.0 4
in diameter) unbagged cylinder
specimens produced from the
hybrid GP/BP cementitious =120
material during the production E
of full-size cribs g
o
2 8.0 A
<
&
4.0
0.0

5.38

11.11

8.36

6.11

W/S=0.55,BP=0wt.% W/S=0.55,BP=0.3wt.% W/S=0.60,BP=0wt.% W/S=0.60,BP=0.3wt%

W/S ratio, BP content (wt.%)
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Fig. 9. As can be seen, the full-size cribs produced from the
hybrid GP/BP cementitious material have much higher peak
UCS and slightly higher or about the same residual UCS
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compared with the full-size cribs from Company I and Com-
pany II with the conventional PC/FA cementitious material
currently used in practice. Table 4 provides a summary of
the peak UCS, the highest residual UCS after peak, the strain
at the peak stress, and the number of shed events obtained

Table 3 Summary of results obtained from the stress—strain curves of full-size cribs produced from the hybrid GP/BP cementitious material with

W/S =0.55 and 20 wt.% PC at different BP contents

Crib Peak UCS Average peak Highest residual Average highest Strain at peak ~ Average strain  Number of ~ Average number of
(MPa) UCS (MPa)  UCS after peak residual UCS after stress (%) at peak stress  shed events  shed events
(MPa) peak (MPa) (%)
W/S=0.55, BP=0 wt.%, #1 7.39 7.46 4.17 5.00 2.97 3.31 4 4
W/S=0.55, BP=0 wt.%, #2 7.52 5.83 3.65 4
W/S=0.55,BP=0.3 wt.%, #1 ~ 8.89 8.64 5.16 4.80 4.04 3.96 2 3
W/S=0.55,BP=0.3 wt.%, #2  8.38 4.43 3.89 4
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from the stress—strain curves in Fig. 9. As can be seen, the
peak UCS slightly decreased from 10.02 MPa at 0 wt.% BP
to 9.17 MPa at 0.3 wt.% BP. However, the highest residual
UCS after peak increased from 3.33 MPa at 0 wt.% BP to
4.56 MPa at 0.3 wt.% BP. Also, the strain at the peak stress
increased from 1.56% at 0 wt.% BP to 2.53% at 0.3 wt.% BP.
This is probably due to the increase in fracture toughness
of the hybrid cementitious material by the added BP [22].

Figure 10 compares the peak UCS of the small-size
unbagged cylinder specimens and the full-size cribs pro-
duced from the hybrid GP/BP cementitious material at dif-
ferent W/S ratios and BP contents. Overall, the full-size
cribs tend to have higher peak UCS than the small-size
unbagged cylinder specimens simply because the crib bag
with the steel wires provides confinement to the cementi-
tious material.

3.3 Microstructural Analysis

SEM imaging and EDX analysis were conducted to investigate
the effect of W/S ratio and BP dosage on the microstructure and
elemental composition of the hybrid GP/BP cementitious mate-
rial. Figure 11 shows the SEM micrographs and EDX spectra of
the hybrid GP/BP cementitious material at two different BP con-
tents and with the same W/S=0.55 and 20 wt.% PC and cured at
room temperature for 28 days. Due to the low dosage of BP, the
microstructure of both specimens (0 wt.% and 0.3 wt.% BP) is
similar, although more cracks can be seen in the specimen with
0 wt.% BP. The formation of cracks is due to the fast setting and
curing at the presence of PC [29]. The sponge-like geopolymer
gels and the calcium silicate hydrate (CSH) gels that act as the
binder can be clearly seen. The formation of CSH gels is due
to the presence of PC as a high calcium content material in the

Fig.9 Stress—strain curves
obtained from uniaxial com-
pression test of full-size cribs
produced from the hybrid GP/
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Table 4 Summary of results obtained from stress—strain curves of full-size cribs produced from the hybrid GP/BP cementitious material with
W/S =0.60 and 30 wt.% PC at different BP contents

Crib Peak UCS  Average peak  Highest residual Average highest  Strain at Average strain  Number of Average number of
(MPa) UCS (MPa) UCS after peak residual UCS peak stress  at peak stress  shed events shed events
(MPa) after peak (MPa) (%) (%)
W/S=0.60, BP=0 wt.%, #1 11.92 10.02 3.11 3.33 0.97 1.56 2 2
W/S=0.60, BP=0 wt.%, #2 8.12 3.55 1.34 2
W/S=0.60, BP=0.3 wt.%, #1 ~ 8.51 9.17 4.53 4.56 3.89 2.53 2 3
W/S=0.60, BP=0.3 wt.%, #2  9.83 4.58 1.16 4

Fig. 10 Peak UCS of small-size
unbagged cylinder specimens 16.0
and full-size cribs produced m Small cylinder specimens E
from the hybrid GP/BP cemen- . ) b
L . . & Full scale crib specimens g
titious material at different W/S S
ratios and BP contents 7 120 2 -
& H —
g -
< g 77K 4
8 § 7.;77 'A’ AL A
< - 5 iy
=) 8.0 % = Z 3 iy oy
':&q v o4 o ”ZXA PP
o A
[-9
A A
4.0 ; g
A A
A
748 748 744
0.0 At < K A A

W/S=10.55,BP=0wt.% W/S=0.55BP=0.3wt.% W/S=0.60,BP=0wt.% W/S=0.60, BP=03wt.%
W/S ratio, BP content (wt.%)

Fig. 11 SEM micrographs and

60000
EDX spectra of hybrid GP/ & Si/Al=2.68
BP cementitious material at 50000 : Na/Al=2.23
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Fig. 12 SEM micrographs and 60000
EDX spectra of hybrid GP/BP . Si/Al = 2.47
cementitious material produced 50000 A Bl Na/Al = 2.48
at W/S=0.60, 30 wt.% PC, and Ca/Si=0.47
witha O wt.% BP and b 0.3 240000 1 Si/(Al+Fe) = 1.89
wt.% BP <
230000
z Ca
E 20000 { o NaAl
Fe
] S K
10000 1
0 .
0 1 2 3 4 5 6 7
KeV
60000
Si/Al=2.13
50000 A Na/Al =2.42
Si Ca/Si=0.37
2 40000 A Si/(Al+Fe) =1.78
)
2730000 -
z Ca
5 Na
£ 20000 0 Tfal
= S
10000 1 K Fe
0 ; ‘ s : : A
0 1 2 3 4 5 6 7
KeV
hybrid GP/BP cementitious material [30, 31]. Some unreacted Figure 12 shows the SEM micrographs and EDX spectra

or partially reacted FA particles can also be clearly seen, which ~ of the hybrid GP/BP cementitious material at two different
may be due to the low alkalinity (5 M NaOH) used in preparing ~ BP contents (0 wt.% and 0.3 wt.% BP) and with the same
the cementitious material. Also, due to the low dosage of BP, the W/S=0.60 and 30 wt.% PC and cured at room temperature
element compositions of the two hybrid cementitious materials ~ for 28 days. By comparing Figs. 11 and 12, more cracks can

(0 wt.% and 0.3 wt.% BP) are similar.

Fig. 13 XRD patterns of

pure fly ash, PC, and GP/BP
specimens at different W/S
ratios and BP contents. Legend:
&: gypsum ((CaSiO,),H,0),
A :C;S (Ca;SiOs), ¥: quartz
(S8i0,), &: Calcite (CaCOs3), 4:
hematite (Fe,0;), @:calcium
hydroxide (Ca(OH),), B: mag-
nesium (Mg),¢: brownmillerite
(Ca,(Al,Fe),05), JI: mullite
(3A1,05-28i0,), {: calcium
aluminate (CaAl,O,)

be seen in the specimens in Fig. 12. This is simply because

WIS = 0.60, BP = 0.3 wt.%
4|

10 20 30 40 50 60 70
20 (degree)
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Table 5 Comparison of peak UCS and highest residual UCS after peak of the full-size cribs produced from the hybrid GP/BP cementitious
material at different conditions and those of the full-size cribs from Company I and Company II using conventional PC/FA cementitious material

Crib

Peak UCS (MPa) (divided by Company Highest residual UCS after peak (MPa) (divided
1 value; divided by Company II value)

by Company I value; divided by Company II
value)

Hybrid cementitious material at W/S=0.55, and 7.46 (1.60; 1.96)

BP=0 wt.%

Hybrid cementitious material at W/S=0.55, and 8.64 (1.86;2.27)
BP=0.3 wt.%

Hybrid cementitious material at W/S =0.60, and 10.02 (2.15; 2.63)
BP=0 wt.%

Hybrid cementitious material at W/S =0.60, and 9.17 (1.97;2.41)
BP=0.3 wt.%

Company I — PC/FA based 4.65

Company II — PC/FA based 3.81

5.00 (1.50; 1.88)
4.80 (1.44; 1.80)
3.33 (1.00; 1.25)
4.56 (1.37;1.71)

3.33
2.66

more PC (30 wt.% instead of 20 wt.%) was included and
a quicker setting and curing occurred [29]. Also, because
more PC (30 wt.% instead of 20 wt.%) was used, the Ca/Si
ratios increased.

Figure 13 shows the XRD patterns of the hybrid GP/BP
specimens prepared at different W/S ratios with 0 and 0.3
wt.% BP. The XRD patterns of the pure fly ash and PC are
also provided for comparison. As can be seen, the XRD pat-
terns of the GP/BP specimens are very similar to that of

Fig. 14 Exposed cementitious

material one day after cutting

the pumping tubes connected to

full-size pumpable cribs: a PC/

FA-based cementitious material

(with many cracks formed) and

b hybrid GP/BP cementitious @
material (with no crack formed)

(b)

@ Springer

pure fly ash indicating that partly reacted fly ash particles
are the main constituent of the geopolymer matrix. A broad
hump between 10° and 40° indicates the amorphous phase
produced during geopolymerization. With the addition of
PC, a new peak “calcite” is formed which is attributed to
the calcium silicate hydrate (CSH) gel, and it is the product
of hydration reaction of the PC. The intensity of the calcite
peak is higher for the specimens prepared at W/S =0.60
compared with the specimens prepared at W/S=0.55
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mainly due to the higher PC content (30 wt.% instead of 20
wt.%) used for the production of the GP/BP specimens at
the higher water content. The addition of BP did not have a
noticeable impact on the XRD patterns, probably due to the
very low dosage used.

3.4 Technology Capability Assessment

The full-size crib test results demonstrated and validated
the effectiveness of the hybrid GP/BP cementitious material
in increasing both the peak and residual bearing capabili-
ties of pumpable cribs compared to the PC/FA cementitious
material currently used in practice. As shown in the sum-
mary Table 5, on average, the peak UCS and the highest
residual UCS after peak of the full-size cribs produced from
the hybrid GP/BP cementitious material are 1.90 and 1.33
times of those of the Company I full-size cribs and 2.32
and 1.66 times of those of the Company II full-size cribs,
respectively. It is noted that since all the full-size cribs use
similar crib bags, the increase in bearing capacity is mainly
due to new hybrid GP/BP cementitious material.

The full-size crib production and tests also proved that
the hybrid GP/BP cementitious material can successfully
avoid the air degradation problem of the conventional PC/
FA cementitious material (see Fig. 14). This is probably due
to the higher degree of drying shrinkage in the PC/FA based
cementitious material. The high level of shrinkage and conse-
quently cracking of the PC based binder with SS additive due
to drying is reported in the literature [32, 33]. The SS here is
used as a quick setting agent which results in rapid settling of
cement particles before gelation and thus much free water left
in the pores [32]. However, for the hybrid GP/BP cementitious
material, the SS is used to provide sufficient Si to form the GP
and the very little excess water is ionized (salted) and thus no
cracking due to drying shrinkage happens.

4 Conclusions

The production and tests of full-size cribs clearly demon-
strated and validated the superior behavior of the new hybrid
GP/BP cementitious material for enhancing the performance
of pumpable roof supports. Compared with the conventional
PC/FA cementitious material currently used in practice,
the hybrid GP/BP cementitious material can increase both
the peak and residual bearing capacities of pumpable roof
supports and effectively eliminate the deterioration of the
cementitious material when exposed to the air. However, due
to the limited budget, only a small number of full-size cribs
were produced and tested. Before applying the new hybrid
GP/BP cementitious material to produce pumpable roof sup-
ports in practice, it is recommended more full-size cribs are
produced and tested to further validate its performance.
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