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𝑅௦;௖௔௟𝐴௦௜ = 𝜂௖ ∙ 𝛼 ∙ 𝜎௖ ఉ (1) 

 
Where 𝑅௦;௖௔௟ Calculated shaft resistance 𝐴௦௜ Surfacearea of the pile within the considered layer  𝜂௖ Empirical factor, 𝜂௖ = 0.9 
 𝛼 Empirical constant,𝛼 = 0.2 
 𝜎௖ Unconfined compressive strength of the rock 
 𝛽 Constant in Zhang equation, 𝛽 = 0.5 
 

The empirical parameters adopted correspond to values recommended for sockets in weak rock. The 
base resistance was estimated using the approach proposed by Serrano and Olalla (1994; 2002; 2014), 
summarized in Eq. 2, which relates the toe resistance to the unconfined compressive strength and rock 
mass parameters derived from the Hoek–Brown failure criterion. 𝑅௕;௖௔௟𝐴௕ = 𝑚 ∙ 𝑞௨8 ∙ (𝑁ఉ − 𝜁) ∙ 𝑠 (2) 

 
Where 𝑅௕;௖௔௟ Calculated base resistance 𝐴௕ Base surfacearea of the pile  
 𝑚 Parameters of the Hoek and Brown (1980) criterion, 𝑚 =  1.3 
 𝑁ఉ Load factor, 𝑁ఉ = 6.7 
 𝜁 Rock mass toughness coefficient, 𝜁 = 0.006 
 𝑠 shape factor, s = 1.5 

4 Preliminary pile tests and results 
The preliminary piles had diameters of approximately 1.19 m and rock socket lengths of 8.0 m for 
TP1B and 5.2 m for TP2. While smaller than the contract piles, the use of preliminary piles with 
different dimensions is permitted under EC7. The geometry of the test piles is summarised in Table 2. 
The piles were constructed using a rotary drilling rig with temporary casing installed through the soil 
deposits and soft limestone to the top of the competent limestone (Fig. 4a). The pile bore was filled 
with water during drilling. The pile base was cleaned using a cleaning bucket and sediments were 
removed by pumping prior to concreting. The reinforcement cage, incorporating the O-cell assembly 
and instrumentation, was installed immediately before casting using tremie concrete. Both piles were 
tested using bi-directional static load tests with O-cell systems installed approximately 1 m above the 
pile toe (Fig. 4b). The O-cell applies load in two directions, mobilising shaft resistance above the cell 
and base resistance together with shaft resistance below the cell. The applied loads and corresponding 
displacements were monitored using displacement transducers and vibrating wire strain gauges 
installed along the pile (Fig. 4c). 

Maximum bi-directional loads of 44.75 MN and 32.7 MN were applied during the tests on TP1B and 
TP2, respectively. The O-Cell load with respect to displacement curves are shown in Fig. 5. These 
values are comparable to the predicted resistances of 43.8 MN and 26.8 MN obtained from the design 
calculations. The load test results were interpreted independently by the Designer and by the testing 
contractor (Fugro 2017a, 2017b). The interpretations differ slightly due to assumptions regarding pile 
geometry and stiffness used in the evaluation of the strain gauge measurements. The resulting shaft 
and base resistances derived from the load tests are compared with the predicted values in the 
following section. 
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Fig. 4 (a) Drilling bucket used for construction, (b)reinforcement cage with installed O-cells and monitoring instrumentation, 
and (c) monitoring instrumentation at the top of the pile.  

Table 2. Preliminary test piles geometry based on as-built data.  

Preliminary 
pile ID 

Platform 
level 
[mDVR90] 

Pile top 
level 
[mDVR90] 

Top of 
limestone 
[mDVR90] 

Pile tip level 
[mDVR90] 

Rock socket 
length [m] 

O-cell base 
level 
[mDVR90] 

Pile diam. 
in soil and 
rock [m]   

TP1B +1.0 +0.5 -19.7 -27.7 8.0 -26.7 1.19 
TP2 +1.0 +0.5 -17.7 -22.9 5.2 -21.9 1.19 
 

 
Fig. 5 O-cell load vs. displacement curves at the top and base level of the O-cell and recorded displacement at the top of pile 
for (a) TP1B and (b) TP2. 

5 Comparison between predicted and measured resistances 
The Designer evaluated the shaft and base resistances using the maximum upward and downward 
forces measured during the O-cell tests, assuming equal shaft resistance above and below the O-cell 
within the limestone. The upward load measured during the test was reduced by the shaft resistance 
mobilised in the overlying soil layers (5.0 MN for TP1B and 3.6 MN for TP2), which are not 
considered in the present study. The pile load test results were also interpreted independently by the 
testing contractor. Differences between the interpretations arise primarily from the assumed pile 
geometry and stiffness in the analysis. The Designer assumed a constant pile diameter of 1.19 m, 
whereas the testing contractor considered different diameters within the rock socket and the 
temporarily cased section in soil and explicitly accounted for pile stiffness in the interpretation.  

Error! Reference source not found. compares the predicted unit shaft and base resistances with 
those derived from the load test interpretations. The predicted base resistance shows reasonable 
agreement with the values derived from the tests, whereas the measured shaft resistance is 
significantly higher than that predicted using the empirical correlation with the deterministic 
representative UCS values. 
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When representative UCS values derived from the statistical analysis are adopted, the predicted shaft 
resistance increases slightly. Furthermore, adopting empirical parameters within the range reported by 
Zhang (2004) for weak rock sockets results in predicted unit shaft resistances of approximately 1.4–
1.5 MPa, which are consistent with the values interpreted from the load tests.The comparison indicates 
that the empirical prediction methods provide a reasonable estimate of the pile capacity when 
representative rock strength parameters and appropriate empirical factors are used. 

For reference, the Danish National Annex L limits the design unit toe resistance of bored piles to 
1 MPa, corresponding to a maximum design base resistance of approximately 1.1 MN (or 1.7 MN at 
characteristic level) for the tested pile diameters, which is lower than both the predicted and measured 
values. 

Table 3. Comparison of UCS-based predictions with measured shaft and base resistances for test piles TP1B and TP2. 

 TP1B TP2 

Resistance Mean 
UCS P50 UCS Contractor Designer Mean 

UCS P50 UCS Contractor Designer 

Shaft 
(MPa) 0.70 0.82 1.48 0.66 0.79 0.85 1.45 0.80 

Base (MPa) 16.1 13.4 21.9 18.1 7.2 7.8 8.5 12.2 

6 Conclusions 
This study demonstrates the importance of statistically informed rock strength characterisation when 
designing bored piles socketed in heterogeneous weak rock. Analysis of a large UCS dataset showed 
significant variability in Danian limestone, for which percentile‑based representative values provide a 
more robust basis for design than simple deterministic averages. Bi‑directional O‑cell testing 
confirmed that both shaft and base resistances mobilised in the limestone exceed conservative design 
assumptions, and that empirical prediction methods can provide reasonable estimates when 
appropriately parameterised using representative UCS values. The results highlight that the limitations 
of the current version of Annex L of the Danish National Annex to Eurocode 7 do not reflect the 
observed pile behaviour in Danian limestone and that documented testing combined with transparent 
parameter selection offers a defensible pathway for refining design resistance assumptions for bored 
piles in soft rock. Future works should include additional testing across a wider range of rock type.  

References 
Demeersman R, Bauduin Ch (2019) Validation of drilled shafts for a new bridge in Denmark, by means of a 

holistic approach, CSL testing and pile coring.17th ECSMGE, Reykjavik, 1-6 September 2019. 
DS/EN 1997-1 DK NA:2021, National Annex to Eurocode 7: Geotechnical design - Part 1: General rules. 2021. 
KrygerHansen H, Foged N (2002) Kalkens bjergmekaniske egenskaber. Dgf-Bulletin 19, dgf, 2002. 
Fugro GeoServices Ltd(2017a) Report on bored pile load testing (Osterberg method) – TP1 (Pier 14) – Fjord 

Link Frederikssund (Roskilde) Bridge Denmark. Project no: FLT20299-2, 11 August 2017. 
Fugro GeoServices Ltd(2017b) Report on bored pile load testing (Osterberg method) – TP2 (Pier 16) – Fjord 

Link Frederikssund (Roskilde) Bridge Denmark. Project no: FLT20299-2, 24July 2017. 
Larsen G, Frederiksen J, Villumsen A, Fredericia J, Graversen P, Foged N, Knudsen B, Boumann J (1995) A 

guide to engineering geological soil description. Dgf-Bulletin 1, May 1995. 
Petrella F, Wudzka A (2021) The geotechnical characterisation and foundation design of the Fjord Link 

Frederikssund bridge in Denmark. Nordic Geotechnical Meeting 2020, virtual conference, 18-19 
January 2021 

Serrano A, Olalla C (2002) Ultimate bearing capacity at the tip of a pile in rock - part 2 application. International 
Journal of Rock Mechanics & Mining Sciences (Issue 7), vol. 39: pp. 847-866. 

Serrano A, Olalla C (2014) Ultimate bearing capacity at the tip of a pile in rock based on the modified Hoek-
Brown criterion. International Journal of Rock Mechanics & Mining Sciences, vol. 71: pp. 83-90. 

Serrano A, Olalla C (1994) Ultimate bearing capacity of rockmasses. International Journal of Rock Mechanics 
andMining Sciences& Geomechanics Abstracts (Issue 2), vol. 31: pp. 93-106. 

Zhang L (2204) Drilled shafts in rock: analysis and design. 1st edition. CRC Press, London. 

610


