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ABSTRACT: The Norwegian Public Roads Administration (NPRA) is planning to upgrade the E-39 coastal route in Norway, a 
distance of about 1100 km. Large bridge structures will be required to cross the straits. Both onshore, offshore/subsea foundations and 
anchors might be required. The use of rock anchors may benefit the project in terms of concept feasibility and cost. The potential rock 
anchor capacity reduction when subjected to cyclic loads is however a somewhat poorly documented mechanism. As of today, there is 
no publication or methodology explaining the relation between; size of cyclic load, number of load cycles, local degradation of bond 
strength and rock anchor capacity. This paper gives an introduction to a literature study on rock anchors, a laboratory research 
program on cyclic loaded rock anchors, brief interpretations and conclusions from the research. The research aims at providing a 
methodology for prediction of capacity of rock anchors subjected to cyclic loads. 

RÉSUMÉ : L’administration publique des routes de Norvège planifie de moderniser la route E-39 sur la côte norvégienne d’une distance 
environ 1100 Kms. De grandes structures seront nécessaires pour traverser les détroits. Des fondations et des ancrages, sur et sous mer, 
seront requis. L’utilisation d’ancrages de roche pourrait être bénéfique au projet en termes de faisabilité et de coût. La réduction 
potentielle de la capacité des ancrages de roche lorsqu’ils sont soumis à des chargements cycliques est cependant un mécanisme peu 
documenté. Au jour d’aujourd’hui il n’y a pas de publication ou de méthodologie expliquant la relation entre ; la magnitude de la charge 
cyclique, le nombre de cycles de charge, la dégradation locale de la résistance de liaison et la capacité de l’ancrage de roche. Cet article 
présente une étude bibliographique sur les ancrages de roche, un programme de recherche au laboratoire sur les ancrages de roche chargés 
cycliquement, des interprétations brèves et conclusions de la recherche. Cette recherche tend à fournir une méthodologie pour la 
prédiction de la capacité des ancrages de roche soumis à des chargements cycliques.
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1  INTRODUCTION 

The Norwegian Public Roads Administration (NPRA) is 
planning for an extensive upgrade of the highway route E-39 
between Kristiansand in the south to Trondheim in the north. 
The distance is about 1100km. Fixed links shall replace ferry 
connections at 8 crossings along the westcoast of Norway. The 
fjord crossings offer several challenges. The fjords are deep, up 
to 1300m, and the widths ranges up to 6km (except 
Boknafjorden which is even wider). Suspension bridges, 
floating bridges, submerged floating tube bridge (Figure 1) and 
combinations of these are evaluated within the conceptual 
studies for some of the fjord crossings. 
  Large forces must be anchored to the ground for large-span 
bridges. The soil conditions varies within the fjord, it is 
commonly steep rock slopes at the side of the fjords, whereas 
thick layers of sediments are found in the deep basins. These 
overall varying conditions requires different foundation 
solutions for the bridge concepts. 

1 .1  Permanent subsea rock anchors 

Permanent rock anchors may be used to anchor static and cyclic 
tension forces from the bridge structures. Floating suspension 
bridge towers, floating bridge pontoons, submerged floating 
tube bridges may all require anchors to the seabed, capable of 
transferring tension forces to the ground. Gravity Base 
Structures (GBS) may also gain additional capacity by using 
large scale permanent rock anchors. These anchors may consist 
of grouted cylindrical steel profiles installed in pre-drilled holes 
in solid rock. There are several critical design items that will 
need to be resolved before these kind of anchors may be used in 
design, these are briefly discussed within this paper.  
A research project at NTNU is currently investigating the 
progressive failure mechanism within the rock anchor - grout 
interface along a grouted rock anchor subjected to cyclic 

loading. This may be a critical failure mode depending on the 
applied load history throughout the design lifetime. Such 
anchors may be used for several concepts, and might potentially 
reduce construction costs significantly compared to traditional 
anchoring concepts.  
  Large scale permanent rock anchors may be installed by 
conventional offshore drilling vessels and equipment. 
Experience from deepwater drilling in the North Sea may 
facilitate the installation of underwater rock anchor installation. 
The boreholes shall be drilled to required depths within solid 
bedrock, casings may be installed within the upper part of the 
hole to prevent sediments from falling into the hole. Further, the 
rock anchor shall be grouted to provide satisfactory bonding 
between steel (bar or tendon) – grout and rock. Early phase 
studies indicate a required rock anchor capacity of 20MN-
30MN depending on the anchored structure. 
 

��
Figure 1. Submerged floating tube bridge anchored to seabed 
(illustration: NPRA). 
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 2  ROCK ANCHOR AND BOND-SLIP 

Conventional rock anchors are regularly used for retaining 
walls, tall-rise buildings, dams, towers and more. Large scale 
capacity rock anchors installed offshore at large water depths 
are however regarded a novel design. The bridges design life is 
at least 100 years, the material properties therefore need to 
possess required quality within this period of time. Corrosion, 
schrincage of grout, creep effects, are all factors affecting the 
long term performance. Several uncertainties needs to be 
addressed before the large scale anchors are ready for use. A 
brief study of main factors affecting the bond-slip relationship 
is summarized in the following sections. 

2.1  Grout properties 

There are mainly two different grout or mortar types being 
used; cement based grout and resin grout. The grout shall 
provide required bond and protect the bar or tendon from 
corrosion. Resin grouts are more plastic than cement grouts and 
can develop higher ultimate strengths, but the long term 
performance is not yet fully documented. Yahia et al. (1998) 
reports that a number of failures has occurred for submerged 
anchors because of polyester resin.  
  Kõlõc et al. (2002) concludes that the bolt capacity depends 
basically on the mechanical properties of the grout materials 
which can be changed by water to cement ratio, mixing time, 
additives, and curing time. The following was determined; 
Optimum water to cement ratio was found to be in the range of 
0.34-0.4, increasing curing time increased the bolt bond 
strength, and the mortar had to be well mixed. 
  Benmokrane et al. (1995b) reported pullout tests on stranded 
cables and threaded bars with different anchored lengths. 
Different cement-based grouts, with and without additives were 
tested using standard test procedures. The influence of water-
cement ratio as well as the different additives on the physical 
and mechanical properties of cement grouts was studied. The 
introduction of aluminium based, silica fume, and sand to the 
standard grout appeared to improve the bond strength 
characteristics. 
  According to Lotsberg et al. (2011), the fatigue capacity of 
concrete in water is reduced when the concrete is subjected to 
cyclic stress ranges in compression. Dallyn et al. (2015) refers 
to tests concluding that the S-N curve for grouted connections 
should be reduced by a factor of 0.8 compared to the in-air 
curve.  
  Applying rock anchors with a deformed surface, e.g. a ribbed 
surface or applying weld beds will mobilize the compression 
strength in the surrounding grout. Previous research on rebar 
pull-out capacity in concrete has shown a strong correlation 
between pull out capacity and compression strength in concrete, 
this is also reflected in model Code 90 CEB (1991). Applying 
S-N relations similar to those suggested for concrete, e.g. Aas-
Jakobsen (1970), can therefore also be relevant for rock anchors 
(with deformed surface) subjected to load cycles. Effect of 
loading rate and creep should also be considered. 
  Yahia et al. (1998) reports that underwater-cast anchors have 
lower pull-out capacity than dry-cast anchors, and that the 
difference in capacity can be reduced by using grout with a high 
washout resistance. 

2.2  Anchor system stiffness properties 

The ratio of the elastic modulus of the steel bar to that of grout 
(or rock) is found to have a particular important influence on 
the distribution of elastic shear stresses along the embedment 
length Brown (2015). For the case of a fully embedded, shallow 
anchor, for low modulus ratios, Eanchor/Egrout, the stress 
distribution is markedly non-uniform, but as the ratio increases 
in softer grouts and rocks, the stress distribution becomes more 

closely uniform. This means that the relative displacement 
between the anchor and surrounding grout will vary along the 
anchor length. The mobilized shear will vary accordingly. 
Where the movements are very small, the resistance is 
developed primarily in adhesion and, with tension anchors 
under working load conditions, this will occur near to the lower 
end of the fixed anchor length. At the upper end of the fixed 
anchor length, where the relative movements are greater due to 
the elastic stretch of the tendon, then friction and perhaps inter-
locking effects will also apply. Where a frictional type of 
resistance is developed its value depends on the degree of 
confinement provided by the grout column, Hanna (1982). 
  Yazici & Kaiser (1992) presented a conceptual model 
explaining the development of the bond strength for cable bolts. 
If the ratio between rock stiffness and grout stiffness is large, 
there will be good confinement conditions, and the radial stress 
at the bar-grout interface might increase with increasing 
mobilization. 

2.3  Borehole diameter and anchor diameter 

Yazici & Kaiser (1992) presented a model for fully grouted 
cable bolts. A sensitivity study presented in their paper shows a 
decreasing bond strength along the anchor length with 
increasing borehole diameter. This effect appears “because a 
radially cracked zone allows the grout to displace more readily 
thus decreasing radial pressures on the bolt-grout interface”. 
They also advice to use small boreholes for stiff rocks or 
undisturbed rock masses. 
Gómez et al. (2005) found that for micropile inserts grouted 
inside a hole predrilled through a concrete mass, the diameter of 
the hole appears to have a significant influence on the average 
bond strength that can be achieved. The results suggest that, for 
a constant insert diameter, the average bond strength decreases 
with increasing hole size. Ivanovi�ü & Neilson (2009) comments 
on the importance borehole to bar diameter ratio in pull out tests, 
and compares their results with Benmokrane et al. (1995a). For 
a larger borehole to bar diameter, the tendency is that the failure 
will occur at the bar-grout interface. This is caused by a 
reduction in the shear stress at the periphery of a larger diameter 
borehole. 

2.4  Failure mode and confinement 

Hyett et al. (1992) conducted a laboratory and field program to 
investigate the major factors influencing the bond capacity of 
grouted cable bolts. Their results concluded that the cable bolt 
capacity most critically depends on cement properties, 
embedment length and radial confinement acting on the outer 
surface of the cement annulus. Benmokrane et al. (1995a) 
conclude that the failure tend to occur at the rock/grout 
interface in weak rocks and at the grout/tendon interface in 
strong rocks, provided the tendon is sufficiently strong. 

2.5  Rock anchor surface properties 

Kõlõc et al. (2003) presented experimental results obtained from 
the direct pull-out test using different types of rockbolts having 
different shape of lugs. These were smooth surface bars, ribbed 
bars, single conical lugged bars, double conical lugged bars and 
triple conical lugged bars. The results revealed a pronounced 
difference in pullout capacity comparing deformed and smooth 
bar surfaces. They concluded that the conical lugged rock bolt 
provided more resistance due to a wedging effect. 
  Considering rebar in concrete, Model Code 90 CEB (1991) 
recommends maximum values for smooth surface bond strength 
equal to 0.30�¥ fc for good bond conditions, and 0.15�¥fc for poor 
bond conditions, where fc is the cylindrical compressive 
strength of concrete. For deformed bars (eg.threaded steel bars), 
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the maximum bond strength varies from 1.0 to 2.5 x �¥fc, 
depending on bond and confinement conditions. 

2.6  Bond strength and cyclic loads 

Eligehausen et al. (1981) and others presents studies and 
recommendations on modeling of rebar in concrete subjected to 
cyclic loads. The bond capacity is depending on the relative slip 
between grout and bar. Considering short bond lengths, 
experimental studies shows that cyclic loads will not reduce the 
maximum bond capacity as long as the slip (s1) at peak bond is 
not exceeded (s1 illustrated in Figure 3). 
  Benmokrane et al. (1995a) presented the result of full-scale 
repeated loading tests. The study concluded that anchors 
subjected to repeated loadings have the same service life as 
those only subjected to static loading, provided that the applied 
repeated loads are less than the initial prestress loads for 
prestressed anchors, or less than 30% of the ultimate static loads 
for passive anchors. The authors also suggested that grouted 
anchors subjected to repeated loadings should be prestressed to 
loads greater than any likely load fluctuation, and the design 
capacity of the anchors should be 70% of the static load holding 
capacity.  

3  LABORATORY TESTING AT NTNU 

The purpose of this experimental study is to provide a basis for 
the development of a numerical model describing the 
progressive failure mechanism of a rock anchor (bars) subjected 
to one-way cyclic loads in tension. The constitutive relation 
between bond and slip at the bar-grout interface for bars 
subjected to cyclic loads at different load levels is addressed. 
The model shall account for the local bond stresses and 
belonging damage caused by cyclic loading. A progressive 
failure mechanism can thus be modelled, given a load-history 
input. The study seeks to develop general models for local slip 
(s) as a function of number of cycles pr.displacement unit 
(dN/ds) at pre-defined load levels. Rock anchors of different 
embedded lengths were tested. According to recommendations 
for bond testing between reinforcement bars in concrete, the 
anchored length shall be limited to embedded length of 5 x Øbar. 
The limited length shall ensure minimum elastic displacement 
within the embedded length. 

3.1  Test set-up 

The experimental program consisted of a total of 53 threaded 
steel bars. Three anchored lengths were tested; 70mm, 200mm 
and 250mm. Static pullout tests were performed for 2-3 bars at 
same anchored length and the results were used as a reference 
for the static capacity for the given anchored length. 
  The steel bars were installed in pre-drilled 50mm holes in a 
cubic 1m x 1m x 1m concrete block. The holes were drilled by 
use of rotary drilling equipment. The compressive strength of 
the concrete was 90MPa. The threaded steel bars were 
manufactured by Dywidag, type 18WR, these were anchored 
into the concrete block by use of a cement based grout, Mapei 
nonset 50. This is an expanding mortar for grouting rock bolts 
(www.mapei.com). Nonset 50 is a thixotropic cement-based, 
non-settling dry mortar, which expands 1 – 3% before setting. 
The mortar is composed of Portland cement, with Dmax 0.5mm 
expanding, plasticizing and stabilizing additives. The water-
cement ratio was 0.4.  
  A hollow hydraulic Enerpack jack applied tensile loading. 
The threaded bars were centered inside the jack, and a nut on 
top of the piston ensured load application. Two LVDT’s 
measured the displacements. A HBM C6A loadcell was placed 
in between the piston and the fixation (nut). The oil pressure  
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��
Figure 2. Laboratory test set-up. 
 
was applied by use of a hydraulic Enerpack pump, controlled by 
a flow control valve (Figure 2).  

3.2  Test results 

The static tests documented the maximum pullout capacity of 
the rock anchors and belonging maximum shear, �2max. The 
absolute values of static pull out force and corresponding 
average shear stress is presented in table 1.  
 
  Cyclic loaded tests were performed for constant load levels 
�2cyclic/�2max. The cyclic tests constitutes the basis for establishing 
a relation between load amplitude, number of cycles and slip for 
given load levels. The static test result and cyclic loading test at 
�2/�2max = 0.75 is shown in Figure 3. 
  The residual slip, sr, was used when interpreting the testing 
results in order to exclude uncertainties caused by load-induced 
displacements in the rig. Equations for residual slip versus 
number of load cycles (N) were developed based on 
formulations presented by Rehm & Eligehausen (1979) for slip 
< s1 as shown in eq.1, and developed based on the test results 
for slip > s1 as shown in eq.2: 
 

� � � � � � � �0 0 0 0 11 1 1 ,
b b

N r r r r r r rs s s N s s N s s� ª � º�� �  � ˜ � � � � �  � ˜ � � � � � �� ¬ � ¼ (1) 

� � � �0 0 1

2

1
,

1
N r r r r rcs s s s s

d N N
�� �  � �� !

� � � �        
(2) 

 
Where: 
- s0r and b are load-dependent parameters and are interpreted      

from the laboratory test results 
- sNr is the residual slip at the current state 
- N is number of cycles 
- N2 is number of cycles to failure for cyclic loading at 

constant �2/�2max values 
- d and c are curve fitting parameters which are dependent 

on the load level �2/�2max 
 
The derivatives of eq.1 and eq.2 with respect to slip or 
alternatively with respect to number of cycles, N, is compared 
with observed data and presented in Figure 4. The analytical 
model agrees well with the experimental data.  
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 Table 1. Static test results. 

Anchored length [mm] 70 200 250

Pull-out force [kN] 70 131 141

Average shear stress [MPa] 18 11.9 10.2

   
  A displacement controlled load test was performed on a 
200mm embedded anchor in order to verify the model 
capability. The laboratory test was performed by applying a 
cyclic load on the anchor, while adjusting the force amplitude to 
keep the displacement at peak load amplitude constant. The 
model was verified by back-calculation of the test result. The 
result is presented in Figure 5, the upper graph presents the 
actual load level as a function of load cycles, N. The lower 
graph presents the calculated response. The dotted lines 
illustrates back-calculation based on constant load levels of 
�2cyclic/�2max = 0.6, 0.65 and 0.7, whereas the solid line represents 
the load-dependent back calculation (�2cyclic/�2max variation with 
N). 

2  CONCLUSION 

The experimental work is performed with the aim to describe 
the behavior of cyclic loaded rock anchors. The debonding and 
belonging capacity reduction (progressive failure) with cyclic 
load history is one of the topics that needs to be addressed 
before permanent offshore rock anchors can be installed and 
used in design. The findings from this study governs small scale 
laboratory tested anchors, but it is believed that the developed 
models also can be applied on other scales. Further research is 
however required. The model might also be used to develop 
more realistic models for rebar in concrete exposed to one-way 
cyclic loading in tension. A more detailed presentation of the 
work will be presented in a journal paper.  
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Figure 5. Back-calculation of displacement controlled test on 200mm 
embedded anchor.  
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