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Abstract

Inflatable rock bolts can quickly stabilize loosened rock blocks in underground excavations. An
inflatable bolt is made of a steel tube that is folded into an omega shape. During installation, high-
pressure water is injected into the tube to expand it to the borehole size. A primary contact stress is
established on the borehole wall after installation, resulting in frictional resistance that prevents rock
blocks from moving. It is recommended in current installation specifications that bolts be installed in
boreholes slightly smaller than the original diameter of the steel tube, and small boreholes are
generally not preferred. Recent theoretical and experimental studies of inflatable bolts have provided
new knowledge, including the optimal borehole size and the relationship between the radial stiffness
of the partially unfolded tube and the diameter of the unfolded tube. These studies show that the
pullout load is high in both large and small boreholes. In large boreholes, the high pullout load is due
to the high radial stiffness of the bolt tube, while in small boreholes it is due to locked contact stress.
Middle-sized boreholes should be avoided because the stiffness of the bolt is lowest, and the locked
contact stress can also be very low in such boreholes. The high pullout load in small boreholes, which
contradicts theoretical predictions, is a new finding. It is attributed to locked contact stress caused by
the tight contact of the shoulders of the tongue flanks of the bolt in small boreholes. Therefore, small
boreholes can be used for inflatable bolts.
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1 Introduction

Inflatable (or expandable) rock bolts have been used for rock support in mines and civil rock
excavation projects for a long time since it was invented in the 1980s.Inflatable bolt is made of a steel
tube that is folded into an omega-shape in cross section (Fig. 1). After the bolt installation, contact
stresses are established at the interface between the bolt of the borehole wall. The bolt is anchored in
the rock mass through the frictional resistance and mechanical interlock at the bolt-rock interface. The
bolt installation only takes minutes to finish, and the bolt provides reinforcement function immediately
after installation. Infltable bolt cannot be used for permanent rock reinforcement mainly because of its
vulnerability to corrosion (Hadjigeorgiou et al. 2019; Villaescusa et al. 2008) and relatively low shear
resistance. The bolt is at present mainly used in weak rock masses to provide rapid reinforcement to
prevent deterioration of the rock mass quality or in water-abundant environment where grouted rock
bolts cannot be cured properly. The field pull tests by Kim et al. (2017) showed that the ultimate
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pullout resistance of inflatable rock bolts was not noticeably affected by water leakage in the borehole.
However, the pullout resistance of grouted rock bolts was dramatically reduced when the leakage was
higher than 1 liter per minute.

Borehole
| KbExpandable length | After
| | install.
L\_—E i A shape
Bushing Folded steel Water injection
tube nozzle do
<>

Fig. 1 Sketch illustrating the geometry of an inflatable rock bolt (Li et al. 2023).

It seems that inflatable rock bolt is a satisfactory rock reinforcement element in harsh rock conditions
(e.g., Kim et al. 2017; Scolari et al. 2017). However, it was experienced in the practical use of the
bolts that the pullout resistance of inflatable bolts varied in a wide range, which brings about
confusion and difficulties in the design of rock reinforcement using inflatable bolts. The field pullout
tests by Soni (2000) showed that the pullout resistance varied between 20 and 150 kN for the same
bolt length and similar resistance values were obtained for different bolt lengths in the range of 0.5 - 3
m. The field tests conducted by Barnard et al. (2016) showed that the pullout resistance of inflatable
bolts varied also in a wide range from 5 to 70 kN / m in rock masses of RMR = 30. On the other hand,
the pullout resistance remained the same in rock masses with RMR in a wide range from 20 to 80.
Gregory (2014) carried out field pullout tests of inflatable bolts from four bolt suppliers, and he found
that the pullout resistance of the bolts scattered in a range of 20 — 100 kN. The pullout resistance
remained almost unchanged in rock masses of RMR 30 and 60. His tests conducted in Mines 1 and 2
showed that the pullout resistance had nothing to do at all with the rock mass quality.

The inconsistent results of the pullout resistance is certainly associated with the contact status between
the bolt and the rock. Essentially the original theory for inflatable rock bolts has a too ideal assumption
that the unfolded tube is assumed to be a closed ring, which misleads to an overestimation of the
pullout resistance of the bolt. The theory cannot explain the deviations of the pullout results in various
rock conditions so that it essentially cannot provide guidance for the design of rock reinforcement
using inflatable bolts. Li (1997) and Li and Hakansson (1999) started to test inflatable bolts in
artificial weak solid materials in the laboratory in the 1990s. the tests showed that inflatable bolts
would become fully unfolded regardless of the borehole diameter, and the contact stress at the bolt-
rock interface was relatively high, resulting in a high pullout resistance. After the laboratory tests, Li
continued to study the mechanics of the bolt and proposed that the pullout resistance of inflatable bolt
is associated with both the primary contact stress induced by the installation water pressure at the bolt-
rock interface and a secondary contact stress induced by the borehole roughness that is mobilized
when the bolt intends to slide (Li 2016). The primary contact stress is directly influenced by the
unfolding degree, or the tongue length, of the bolt. The concepts of the primary and secondary contact
stresses, the influence of the borehole roughness and the influence of the installation water pressure
were verified afterward by pull tests in the laboratory (Li, Aure and Knox 2023). This laboratory study
led to a new finding that high pullout resistance could be achieved in small boreholes which is not
recommended in the current bolt installation specifications.

This paper will present an overview over the new knowledge of inflatable rock bolts that has been
gained in the recent years, including the influences of the tongue length on the contact stresses,
borehole roughness and borehole diameter.

2 Known knowledge

It is assumed that inflatable bolt slides in the borehole when it is mobilized by rock mass movements
and the frictional resistant load on the borehole wall prevent the rock mass from disintegration. This
mechanical mechanism can be achieved only when the embedment length of the bolt on one side of
the opening rock joint is shorter than the critical embedment length of the bolt (Li, Kristjansson &
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Heien 2016). Otherwise, the bolt will be locket in the rock mass and the bolt steel elongates until the
steel strength is reached. Figure 2 shows the test results of Super Swellex under pull and shear loading,
respectively (Stjern 1995; Li et al. 2014). The bolts were installed in two concrete cubes of high
strength. The embedment length of the bolt in each block was 0.95 m. The bolt tested under pull sled
so that the maximum pull load of 121 kN represented the ultimate frictional resistant load of the 0.95-
m bolt segment, corresponding to a pull resistance of 127 kN/m. Under shear loading, the bolt tube
became laterally clamped at a shear load of approximately 30 kN. The tube was locked at the joint of
the two blocks afterward and the steel was stretched until the ultimate load of the steel was reached at
179 kN. The ultimate shear load is not dependent on the embedment length but on the steel strength.
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Fig. 2 Load—displacement curves of Super Swellex under pull and shear loading, respectively (Li, Stjern & Myrvang 2014).

The original theory of inflatable bolt was proposed by Wijk and Skogberg B (1982). The theory
significantly overestimates the load capacity of the bolt. In practice, theload capacity was determined
through pullout tests (Granstrom et al. 1982). Figure3 shows the pull load capacity versus the borehole
size for Standard and Super Swellex bolts, reported by Atlas Copco in the 1990s. The nominal
diameter of the steel tube is 42 mm for Standard Sellex and 54 for Super Swellex. The recommended
range of borehole diameter is proposed based on the pullout test results. It can be seen in the diagram
that the load capacity would be very low in small boreholes. In the current specifications for inflatable
bolts, therefore, the recommended borehole diameter is usually in a range smaller than the original
tube diameter and greater than the middle diameter between the initial profile diameter of the bolt (i.e.,
the diameter of the bolt in the folded state) and the original tube diameter (i.e., the diameter of steel
tube after full unfolding). Boreholes smaller than the middle diameter are excluded in the
recommended diameters. For example, a type of inflatable bolt, which is currently supplied to the
market, has an initial profile diameter in 27 mm and an original tube diameter in 41 mm. It is stated
that the bolt can be installed in boreholes of 32 — 40 mm, but the recommended borehole diameter is
36 -38 mm, which implies that the best reinforcement

would be achieved in a borehole greater than the middle "

diameter (27 + 41) / 2 = 34 mm. The range of the 300 S "‘—' n "‘—_ =
recommended diameters is small, and the borehole could |

be drilled oversized, particularly in weak rock masses. 200 B
The load capacity of inflatable bolt would be
dramatically reduced and even drop to zero in extreme 100
cases. In a small borehole, a non-zero resistant load is ‘ I
guaranteed, but it is considered too low, as shown in Fig. 0 L\ 0 3 3840 45 50

3. The updated knowledge in Section 3 will prove that Hole dameter, mm
the load capacity in a small borehole could be as high as i 3 The pull load capacities of standard and
that in a large borehole when the bolt is properly  Super Swellex versus the borehole diameter.
installed.

Super Swellex
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3 Updated knowledge

The borehole to receive the bolt has deformed inward for Ugunder the in-situ rock stresses before bolt
installation (Fig. 4). During bolt installation, the pressured water inside the steel tube presses the
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borehole wall to deform outward. The pressure on the borehole wall is p; when the pre-defined
maximum water pressure (24 or 35 MPa) is reached, at which the borehole displacement is U,. After
installation, the water pressure drops to zero and both the borehole wall and the partially unfolded
steel tube moves inward toward the borehole centre under the ground pressure. The pressure on the
borehole wall decreases with the inward displacement at the same time. The rock moves along the
straight green line marked by K,, while the steel tube moves along the black lines marked by K,, see
Fig. 4. To the end, the primary contact stress q;is established on the borehole wall when the
equilibrium is reached. This contact stress is expresses as (Li et al. 203):

K, — 1K,

@ =g K, P M
where K, is the radial stiffness of the partially unfolded steel tube, K, is the stiffness of the rock mass,
and A isa coefficient expressing the recovery of the outward elastic displacement of the steel tube after
bolt installation. The coefficient Avaries in the range of 0—1 withA= 0 for zero recovery (e.g., the
elastic displacement is completely locked in),and A= 1 for complete recovery (e.g., the elastic
displacement rebounds completely and
the bolt tube recovers to its non-
stressing state) (Li 2016). The stiffness L
of the steel tube is much lower than the g Water
stiffness of the rock mass (only a few o -
percentage of K,). It is seen in Eq. (1) '
that the contact stress is negative,
indicating that the bolt separates from
the borehole wall, when the coefficient
Als equal to 1 for complete recovery. pi —
Therefore, it is required that the
outward elastic deformation of the steel
tube during bolt installation must be
partially locked to achieve a contact
stress at the bolt-rock interface. The
condition to guarantee a contact stress
higher than zero is that the radial
stiffness of the steel tube K, must be
greater than AK,. A rough borehole
surface can prohibit the elastic recovery
and makes the recovery coefficient A to
be less than 1. That is the reason for the Upi . Us
requirement  that  boreholes  for Borehole displacement

inflatable bolts must be drilled

ivel d the borehol £ Fig. 4 Sketches illustrating the displacing moments of the borehole
percussively and the borehole surface during and after bolt installation. Modified after Li (2016)
must be rough.

(0) Before install. (1) During install. (2 &3) after install.

e After removing pressured water
e After bolt install.

Q-

During pumping
pressured water

Pressure on borehole

A secondary contact stress will be induced in a rough borehole when the bolt is stretched by opening
rock joints. This contact stress is more important in hard rock masses than in soft rock masses.

The radial stiffness of the steel tube of the inflatable bolt directly determined the primary contact
stress, and thus the pull resistant load capacity. Figure 5 shows the curve of the water pressure versus
the unfolding degree of an inflatable bolt (the nominal diameter in the diagram) that was expanded
outside a borehole. The folded tube started to expand after the water pressure passed the maximum at
around point A. the water pressure declined with the opening of the folded tongue (points B and C)
until the tube was unfolded to the original diameter of the tube at the middle of the bolt segment when
the water pressure dropped to the minimum (before point D). Loading cycles were conducted during
the test. The slope of the unloading-reloading line represents the radial stiffness of the partially
unfolded tube. The stiffness of each loading of one tested bolt is presented in Fig. 6a versus the
nominal diameter of the unfolding bolt tube. The stiffness of the bolt is minimum when the tube
unfolded to diameter 32 mm that is slightly smaller than the middle diameter 34 mm.

A number of short inflatable bolt with a expandable segment of 360 mm were pullout tested in
boreholes of various sizes drilled in a concrete block of high strength (UCS approximately 110 MPa).
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The pullout results are presented in Fig. 6b. The tests confirmed that the pullout load increases with
increasing the borehole size, as shown in Fig. 3, in the range above the middle diameter (34 mm in this
case) in both the percussively rough boreholes and diamond-drilled smooth boreholes. Surprisingly,
the pullout load in small boreholes was as high as in large boreholes, which is contradictory to the
current belief that the pullout load is small in small boreholes. An advantage of using small boreholes
is that one avoids the risk of oversized boreholes.
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Fig. SWater pressure versus the nominal diameter of a short inflatable bolt and the unfolding degrees of the folded tube at
four moments (Li et al. 2023).

After the pullout tests, the bolts were cut through perpendicularly to the bolt length. The opening
status of the folded tongue became visible as shown in Fig. 7. The shoulders of the two flanks of the
tongue were not in contact in two larger boreholes (33.5 and 37 mm), see Fig. 7b and 7c. Because of
the opening of the tongue shoulders, recovery of the outward elastic deformation of the tube is
unavoidable after bolt installation, which leads to the recovery coefficient A> 0. In these two
boreholes, the pullout load in these two holes is directly associated with the radial stiffness of the bolt.
In the small borehole of 31 mm, the tongue shoulders were tightly clamped together (Fig. 7a). The
clamping prohibited the recovery of the outward elastic deformation of the steel tube so that the
outward elastic deformation might be completely locked after bolt installation, that is, the recovery
coefficient A~ 0. In this case, the pullout load would be not only dependent on the radial stiffness of
the tube but also on the locked contact stress. This may be the mechanism why a high pullout load was
achieved in small boreholes.

The test results in Fig. 6b confirmed that the pullout load is higher in a percussively drilled rough
borehole than in a diamond drilled smooth borehole, and when the bolt is installed with a higher pump
pressure than with a lower pump pressure.
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Fig. 6 (a) the radial stiffness of an inflatable bolt versus the nominal diameter of the unfolding bolt, and (b) the pullout loads
versus the borehole diameter. (Li et al 2023)
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4 Conclusions

The pullout load of inflatable bolt is high in small boreholes due to
the tight clamping of the flank shoulders of the bolt tongue which
prohibits the recovery of the outward elastic deformation of the steel
tube after bolt installation. The quality of bolt installation is more
guaranteed in a small borehole than in a large borehole because there
is no concern of oversizing in small boreholes.

The radial stiffness of the folded steel tube is lowest in a borehole of (a)
around the middle-sized diameter of the bolt. The pullout load is also
lowest in this hole.

The pullout load of inflatable bolt is dependent on both the primary
and secondary contact stresses. The secondary contact stress is
important in hard rock masses, while the primary contact stress is the
major factor for the pullout load capacity in weak and soft rock
masses.

The surface roughness of the borehole is extremely important in hard
rock, but less important in weak and soft rock.

References

Barnard CK, Kallu R, Warren S, Thareja R (2016).Inflatable Rock Bolt
Bond Strength vs. Rock Mass Rating (RMR). 34th International
Conference on Ground Control in Mining. 6p.

Granstrom B, Skogberg B, Wijk G (1982). Swellex test results. 17p (©

Gregory NA (2014). A Study of Correlations between Rock Bolt Pull-Out Fig. 7 The cross sections of
Tests and Rock Mass Rating Scores in Underground Mining. inflatable bolts installed in

Master Thesis, University of Nevada, USA. 44p. z’;ezg:f?c(;g(;)rsri n(lg’e(tb;ﬁ; 0; 3)

Hadjigeorgiou J, Savguira Y, Thorpe S J (2019). Comparative
Susceptibility to Corrosion of Coated Expandable Bolts. Rock
Mechanics and Rock Engineering 52:2665-2680.

KimH-J, KimK-H, KimH-M, ShinJ-H (2017). Anchorage Mechanism and Pullout Resistance of Rock Bolt in
Water-Bearing Rocks. World Congress on Advanced in Structural Engineering and Materials, 28 Aug.
— 1 Sept. 2017, Ilsan, Korea. 16p.

Li C (1997). Swellex rock bolts in weak and soft rocks. Research Report 1997:13, Luled Univ., Sweden. 86p
Li C, Hékansson U (1999). Performance of the Swellex bolt in hard and softrocks. In: Proceedings of the

international conference on rock support and reinforcement practice in mining, Balkema, 103—108.
Li CC(2016). Analysis of inflatable rock bolts. Rock Mechanics and Rock Engineering 49: 273-289.

Li CC, Aurea A, Knox G (2023). Experimental study of the effects of borehole size, borehole roughness and
installation pressure on the pull load capacity of inflatable rock bolts. Rock Mech Rock Eng. 56:8415—
8431.

Li CC, Kristjansson G and Heien AH (2016). Critical embedment length and bond strength of fully encapsulated
rebar rock bolts. Tunnelling and Underground Space Technology 59: 16-23.

Li CC, Stjern G and Myrvang A (2014). A review on the performance of conventional and energy-absorbing
rock bolts. Journal of Rock Mechanics and Geotechnical Engineering 6: 315-327.

Stjern G (1995). Practical performance of rock bolts. PhD Thesis, the Norwegian University of Science and
Technology, Trondheim, Norway.

Soni A (2000) Analysis of Swellex bolt performance and a standardized rock bolt pull test datasheet and
database. Master Thesis, University of Toronto, Canada.

Scolari F, Brandon M, Krekula H (2017). Dynamic inflatable, friction rock bolt for deep mining. Deep Mining
2017, Perth. Australian Centre for Geomechanics. 10p.

Villaescusa E, Hassell R, Thompson AG (2008). Corrosion of rock reinforcement in underground in hard mining
excavations. 24p

Wijk G, Skogberg B (1982). The Swellex rock bolting system. 14"Canadian rock mechanics symposium.
Canadian Institute ofMining and Metallurgy, 106—115.

278



	2.Rock properties, testing methods and site characterization (incl. planetary rock mechanics)
	1115_Numerical_investigation_of_fluid_flow_in_intersecting_fractures_based_on_photogrammetry
	1117_paper_Eurock_2026
	1118_P
	1122_Using_Blanco_Mera_granite_as_standard_reference_and_benchmark_material
	1125_EUROCK2026_manuscript_20260330 _2_
	1130_ugur_etal_cliff_erosion_EUROCK2026-1r
	1132_EUROCK
	1147_EUROCK2026_Full_paper_Dugonjic_Jovancevic_et_al_r
	1152_Sourav_das_final
	1159_EUROCK2026_AfterReview
	1162_EUROCK2026_Paper_Template__Kaspar_et_al__upload_final
	1179_EUROCK2026_Hashiba
	1190_Research_on_ambient_vibration-based_quantitative_assessment_of_tunnel_lining_defect_using_laser_Dopp
	1194_EUROCK2026_Paper_Saksala
	1196_EUROCK2026_T.Jovanovska
	1199_EUROCK2026_Kiuru_et_al_full_rev
	1208_Kahraman_et_al._revised
	1210_Eurock2026_Final_version_Sub2
	1216_EUROCK2026_Paper_Sainoki_final_version
	1219_Eurock2026_1219
	1220_EUROCK2026_1220_rev_updated
	1221_EUROCK2026_Paper_MFS_final2
	1223_Witte_et_al._Microstructual_analysis_of_granite_tested_under_uniaxial_compression_conditions_re
	1227_Campana_et_al._2026
	1228_EUROCK2026_Yuan_et_al_reviewed_submission
	1229_EUROCK2026_Chang_et_al_2026_reviewed
	1231_Neumann_et_al._EUROCK2026
	1233_Elastic_Wave_Velocity_Response
	1237_A_step_forward_in_the_resilience_of_flexible_rockfall_protection_systems_full_paper_REV2
	1239_f
	1240_f
	1245_EUROCK2026_Valletta_et_al_manuscript_R01
	1251_Nikiema_et_al._2026
	1273_EUROCK-ASH-Final2
	1282_EUROCK2026_Combined_geophysics_to_predict_and_map_rock_paparamters_final_clean
	1288_EUROCK2026_Proof-of-concept_pipeline_for_digital_rock_mass_analysis_using_an_inexpensive_360°_camera
	1293_EUROCK2026_ABOU_CHAKRA_Bahaa
	1294_EUROCK2026_Long-term_behaviour_of_materials_for_final_sumission
	1297_EUROCK2026_Salcin_Marjanovic
	1300_Jigme_Singh_Eurock_20260430
	1301_EUROCK2026_1301
	1304_EUROCK2026_KishidaV4
	1310_Jacobsson_et_al_EUROCK2026_Paper_rev
	1327_Vavro_L._et_al_EUROCK_2026_text_of_the_paper_revised_version
	1331_EUROCK2026_PRUDENCIOv3
	1334_EUROCK2026_Yogeshwar
	1340_15062026_HTA_EUROCK2026_Paper_Draft
	1343_EUROCK2026_Paper_Kawata
	1347_JE_and_KIM_EUROCK2026_
	1352_Argha_eurock_2026
	1354_Kahraman_et_al._ID._354_revised
	1363_Thermal_CO2_paper_Fawad_Török_Revised_1363
	1364_Replica-based_experimental_framework_for_characterizing_fluid_flow_in_a_dislocated_fracture
	1368_Validating_Large_Diameter_Bored_Pile_Design_in_Danian_Limestone_via_Testing_R1
	1372_Development_of_a_Rock-Type_s_matrix_-_EUROCK2026_DK-FS-Final
	1386_EUROCK2026_paper_JR_PB_JR
	1400_EUROCK2026_Full_Paper_k_revised _1_
	1403_EUROCK2026_PAPER_GBEWADE
	1406_EUROCK2026_Lj.Kulakov__corrected_-_final_version_
	1408_JC_submission_EUROCK2026_revised
	1409_Application_of_Fiber_-_Reinforced_Concrete_in_Tunnel_Construction_Innovations_and_Challenges_Bojana_
	1410_EUROCK_2026_Paper
	1416_Contribution_1416_b_v2
	1439_EUROCK2026_Paper_Pavelka _1_
	1442_EUROCK2026_Pre_Peak_Nonlinearity_of_Granodiorite_in_Mohr–Coulomb_Corrected
	1445_EUROCK2026_Paper_Saroglou Bar

