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Identifying unaccounted capacity of ground anchors through Bayesian updating: 
a case study
J. van der Zona, L. Flessatib, A. Mavritsakisc, C. Habetsa, T. Schweckendiekb,c and A. Roubosb,d

aRoyal HaskoningDHV, Rotterdam, the Netherlands; bFaculty of Civil Engineering and Geoscience, Technische Universiteit Delft, Delft, the 
Netherlands; cDeltares, Delft, the Netherlands; dPort of Rotterdam, Rotterdam, the Netherlands

ABSTRACT  
Ground anchors are crucial components in various construction and engineering applications. 
They play a critical role in retaining structures and, therefore, design guidelines have 
established the necessity of comprehensive testing campaigns to derive the anchors 
characteristic resistance. The latter is a specified percentile within a presumed statistical 
distribution. In principle, a limited number of investigation tests cannot be used to estimate the 
characteristic values. To overcome this limitation, in a simplified way, the design codes suggest 
reducing the resistance found in experimental results by a factor to estimate the anchor 
characteristic resistance to be used in the design. In this paper, the authors propose a new 
approach for interpreting ground anchor test results and determining the statistical distribution 
of ground anchor resistance. The approach is based on the use of Bayesian updating, 
formulated as a structural reliability problem, and on the definition of a simplified 
phenomenological model relating the imposed load and the measured anchor (creep) 
displacements. This distribution can be used to determine a “proven” anchor characteristic 
resistance, which can then be used to update the anchor design.
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1. Introduction

Ground anchors are essential components in various 
construction and engineering applications, especially 
in the case of retaining structures. Recognising the 
critical function of anchors, design guidelines have 
established the necessity of comprehensive testing 
for ground anchors (e.g. EN 1997; CEN 2004, 
and FHWA-IF-99-015; Sabatini, Pass, and Bachus, 
Robert 1999).

While the guidelines may use different terminologies 
and test procedures, the basic philosophy of the main 
type of tests remains the same: a very limited number 
of anchors (2-3) must be tested to failure for each dis-
tinct set of ground conditions/working loads (“investi-
gation tests” according to the EN 1997 terminology), 
whereas ideally, all anchors should be tested for accept-
ability, i.e. they should demonstrate the ability to sustain 
a given proof load (“acceptance tests” according to 
EN 1997).

The deformations and the stability of geotechnical 
structures are affected by uncertainties in factors such 
as geometrical parameters, material properties, soil 
spatial variability and loads (Guo et al. 2023; Kormi 
et al. 2019; Li, Zhang, and Yuan 2024; Zhang et al. 

2022). To account for these uncertainties, the current 
design approaches rely on the use of characteristic 
values (e.g. EN 1990; CEN 2002). These characteristic 
values, in principle, represent specified percentiles 
within a presumed statistical distribution of a given 
quantity (in this case the anchor resistance). In this per-
spective, the limited number of investigation tests, do 
not allow to derive reliable statistical distributions, 
and in theory cannot be used to estimate the character-
istic values using simple frequentist statistics. Pragmati-
cally, to derive the anchor characteristic resistance, the 
design codes prescribe to reduce the experimental 
results (either the minimum or the average depending 
on the number of tests) by a factor.

In this paper, the authors propose a methodology 
that allows to derive the statistical distribution of 
ground anchor resistance without requiring a large 
number of investigation tests. This distribution can be 
used to determine an anchor characteristic resistance, 
which can then be used to update the anchor capacity 
evaluation. If the approach reveals unaccounted 
capacity, this can be used, for example, to reduce the 
grouted length of the anchor or to increase the anchor 
spacing, implying the reduction of costs and raw 
material consumption, while granting the anchor 
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reliability. Alternatively, in the context of existing struc-
tures, this unaccounted capacity could be used to 
change the use of retaining structures (e.g. applying lar-
ger loads) or to extend the residual service life.

The proposed methodology is based on “Bayesian 
updating with equality information” as developed by 
Straub (2011). Therefore, it requires the use of a 
model capable of reproducing the anchor response 
and the probabilistic representation of the model par-
ameters. Then, Bayesian inference is used to evaluate 
the posterior probability density function of the 
model, given measurement data (Beck and Katafygiotis 
1998 and Katafygiotis and Beck 1998). The model pos-
terior allows to derive the distributions of geotechnical 
anchor resistance (grout-soil interface failure) and, 
from that, the characteristic value.

The methodology will be applied in relation to a case 
study described in Section 2. In Section 3 the anchor 
response model is introduced and Bayesian updating 
is used. Finally, in Section 4 the results coming from 
the Bayesian updating will be critically compared with 
the ones derived from the standard design practice.

2. Case study

For the case study, two different campaigns of ground 
anchor investigation tests performed in two different 
locations (Site 1 and Site 2) in the Port of Rotterdam 
will be discussed. For the sake of clarity, the following 
subsections will provide some indication on: (i) the geo-
technical conditions of the two sites (Section 2.1), (ii) 

details of the tests (Section 2.2) and (iii) test results 
(Section 2.3).

2.1. Site description

To characterise the sites, in both Site 1 and Site 2 a series 
of cone penetration tests (CPTs) was performed. The 
results, in terms of variation of cone tip resistance (qc) 
along depth are reported in Figure 1 (Figure 1(a,b) 
refer to Site 1 and 2, respectively). In both cases, the 
CPT results highlight the presence of two granular soil 
layers separated by a fine-grained soil layer. The results 
in each site are rather repeatable, highlighting that in the 
considered sites the spatial variability in the soil proper-
ties is limited.

2.2. Test methodology

The details of the tests, in terms of anchor type geome-
try and proof load (Pp), are reported in Table 1. The 
value of proof load was related to the expected geotech-
nical resistance of the anchor grout body and estimated 
by using the qc-based design approach proposed in the 
Dutch code CUR 166. In all the cases, the grouted length 
is positioned, below approximately 25 m depth, in the 
deep granular soil layer (“Kreftenheye formation”), as 
is shown in Figure 1 (the black rectangles represents 
the anchor grouted body).

By following the procedure described in EN-ISO 
24477-5, the load (P) is applied in cycles of increasing 
amplitude. At the maximum load of each cycle, the 

Figure 1. Results of cone penetration tests in Site 1 (a) and Site 2 (b).
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load is maintained constant for a specified period of 
time (creep phase). The imposed load history is rep-
resented in Figure 2 (solid line). For anchors D and E 
an additional load cycle was performed (dashed line).

Displacements are measured at the end of every load/ 
unload step and periodically during creep, according to 
standard steps. It is worth mentioning that the standard 
test procedures (ISO 22477-5:2018) do not prescribe 
neither the measurements of displacements during the 
loading/unloading nor a specific loading rate.

2.3. Test results

As was also observed by Ostermayer (1975), ground 
anchors exhibit a rate dependent response (creep), 
even when they are embedded in a granular soil layer. 
This is due to the time needed for the rearrangement 
of the sand grain sub-structure (di Prisco and Imposi-
mato 1996, Lago et al., 2022). For this reason, test results 
are usually interpreted in terms of creep rate (ks), 
defined as the slope of the linear branch of a displace-
ment-time curve plotted in a semilogarithmic plane 
(Figure 3, relative to the final step of test A).

The results of the 5 tests in terms of variation of ks 
with P are reported in Figure 4 (Figure 4(a) and 
Figure 4(b) are relative to Site 1 and 2, respectively). 

As expected, an increase in the load is associated with 
an increase in the ks value. The results of the tests per-
formed in the different sites are aligned, and therefore 
it can be assumed that both spatial variability in the 
soil and the uncertainties associated with the anchor 
installation are practically negligible. The slight discre-
pancy in the results observed at low P values is likely 
to be due to slightly different rate of application of the 
load. These conclusions are however not general and 
refer to the specific conditions of the investigated site.

Since anchor response is rate-dependent, from a 
theoretical point of view (Pisanò and di Prisco 2016; 
di Prisco and Flessati 2021), it is not possible to use stan-
dard definitions for the failure load (i.e. the value of load 
for which an infinitesimal load increment is associated 
with an infinite displacement increment). In case of a 
rate-dependent response, during creep, the onset of 
instability should be identified (Pisanò and di Prisco 
2016), by following Lyapunov’s theory of stability (Lya-
punov 1892), with an increase in the displacement rate.

Nevertheless, in the current practice (EN-ISO 24477-
5), by following what is recommended by Ostermayer 
(1975), “failure” is identified with the value of load 
(Plim) corresponding to a limit threshold value of ks 
(ks,lim). According to the anchor test standard (EN- 
ISO 24477-5), in case ks,lim is not exceeded during the 

Table 1. Summary of anchor test details.
Test Anchor type Anchor length [m] Grouted length [m] Grouted diameter [m] Inclination with hor. [°] Pp (kN)

Site 1 A Self-drilling 46.6 12.4 0.335 40 5140
B Self-drilling 46.6 12.4 0.335 40 5140

Site 2 C Self-drilling 26.7 7.1 0.4 90 2500
D Self-drilling 26.7 7.1 0.4 90 2500
E Self-drilling 26.7 7.1 0.4 90 2500

Figure 2. Imposed load history (dashed cycle only for anchors D 
and E).

Figure 3. Definition of the creep rate (data relative to the final 
step of test A).
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test, failure load has to be identified as the maximum 
test load.

Different creep threshold values are adopted in 
different European countries (a discussion is reported 
in Merrifield et al. 2013), but in the following, since 
both sites are located in the Netherlands, the value pro-
posed in the Dutch code CUR 166 will be employed 
(ks,lim = 2 mm, dashed line in Figure 4). It is worth men-
tioning that this limit value is assumed to always be the 
same, independent of the anchor length and soil 
characteristics.

As can be derived from Figure 4, both Test A and Test 
B do not exceed ks,lim. By following what is proposed in 
EN-ISO 24477-5, Plim is then identified as the maximum 
imposed load (Plim = Pp = 5140kN). Also in case of Test 
C, ks,lim was not exceeded (failure load is then Plim = Pp  
= 2500kN) and this is the reason for which in Test D and 
Test E an additional loading phase (up to P = 1.1Pp =  
2750kN) was considered. For the sake of clarity, the fail-
ure loads are plotted in Figure 5(a).

For the sake of completeness, in Figure 5(b) the 
results are also plotted in terms of average tangential 

Figure 4. Test results in terms of evolution of ks with P: (a) Site 1 and (b) Site 2.

Figure 5. (a) Failure loads and (b) soil-grout average interface tangential stresses at failure.

4 J. VAN DER ZON ET AL.



stresses along the soil-grout shaft at failure 
(tlim = Plim/pDl, being D and l the grouted diameter 
and length, respectively). For the sake of simplicity, 
this value is calculated by assuming the tangential stres-
ses along the anchor free length to be negligible.

The values of tlim obtained for Site 1 are significantly 
larger than the one of Site 2. Since (i) the two set of tests 
were performed at approximately the same depth and (ii) 
the soil internal friction angle is almost constant for very 
large qc values (Robertson and Campanella 1983), this 
difference in tlim can be explained by the anchor incli-
nation: when the anchor is vertical (Site 2), lower normal 
stresses along the grouted anchor shaft are expected and, 
therefore, tlim is expected to be lower.

According to the current Dutch design standard 
(CUR 166), the characteristic value of Plim (Plim,k) can 
be estimated from the experimental test results by 
using the following expression (valid for a number of 
test lower or equal than 3):

Plim,k =
Plim,min

j
(1) 

where Plim,min is the minimum value of Plim obtained 
during the tests and j is a reduction factor. The value 
of j depends on the number of investigation tests per-
formed. A discussion on the practical consequences of 
the j value is reported in Section 4.

3. Determination of anchor characteristic 
resistance through Bayesian updating

3.1. Model definition

As previously mentioned, the approach proposed by the 
authors, based on Bayesian updating, requires the intro-
duction of an anchor model, capable of providing, in a 
continuous manner, the output variable (in this case 
creep rate) from the test input data (load and anchor 
geometry).

The novel model introduced by the authors does not 
have the ambition of upscaling the micro-mechanical 
behaviour (i.e. stress and strain distribution and their 
spatial evolution) to the macroscopic one (i.e. the evol-
ution of displacements at constant load). The model is 
rather phenomenological and defines a simplified 
relationship between the (macroscopic quantities) ks 
and t (P/pDl ):

ks =
1

Ea

t

1 − t/ta
+ ks,min (2) 

being 1/Ea the initial curve slope, ta is the theoretical 
value of t for which ks becomes infinite (Figure 6) and 
ks,min the minimum creep rate. According to 

Ostermayer (1975), ks,min is mainly associated with par-
tial debonding at grout-steel interface, creep of cement 
grouting and relaxation of tendon steel.

The three model parameters (Ea, ta and ks,min) will be 
calibrated, by following the Bayesian updating pro-
cedure, on the experimental creep measurements. It is 
worth mentioning that, in general, the inference of the 
three model parameters are expected to be influenced 
by both anchor geometry (geometry, depth and incli-
nation) and soil properties. A discussion of these depen-
dencies is not part of this paper.

3.2. Determination of model parameters through 
Bayesian updating

The approach used by the authors for the Bayesian 
updating is the one originally proposed in Straub and 
Papaioannou (2015) and then subsequently improved 
in Betz et al. (2018). According to this approach, the 
Bayesian updating problem is reformulated as a struc-
tural reliability problem (i.e. through the exceedance 
of limit states). The “failure domain” (g) is defined 
through the following limit state function:

g = ln(p) − ln(c · L(u|m)) (3) 

where p is a uniformly distributed random variable 
defined between 0 and 1, L is the likelihood (where u 
and m are vectors containing the model parameters 
and the measurements, respectively), and c is a scaling 
factor, progressively adapted so that it is always equal 
to the maximum likelihood. The main advantage of 
this approach, named aBUS (adaptive Bayesian Updat-
ing with Structural reliability methods), is that it is 
very versatile since it allows the use of all the numerical 

Figure 6. Example of model results for, Ea = 3000 kPa/mm, ta =  
375 kPa and ks,min = 0.2 mm.
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strategies developed for structural reliability problems 
for solving the Bayesian updating, making it extremely 
robust and efficient. The numerical procedure used by 
the authors is the one introduced in Betz et al. (2018). 
This is based on the use of subset simulation (SuS), in 
which a Markov Chain Monte Carlo (MCMC) approach 
is used. To improve the efficiency of the algorithm, the 
standard deviation of the MCMC proposal distribution 
is adapted during the iterations to grant that the accep-
tance rate (α) is equal to the optimum one (αopt = 0.44; 
Betz et al. 2018).

The use of aBUS-SuS (Figure 7) requires: 

. an analytical model representative of physical behav-
iour, correlating the test input to the measurements 
(Section 3.1);

. likelihood definition and prior distribution of the 
model prediction error (ε) to be calibrated (Section 
3.2.1);

. prior distribution of the parameters (Ea, taand ks,min) 
(Section 3.2.2);

. number of samples to be drawn from the posterior 
distribution (N);

. probability of intermediate subsets (pt);

. target acceptance rate (αtarget).

In all the cases considered in this paper, N =10,000, 
pt = 0.1 and αtarget  = 0.44. The results demonstrating 
that the chosen N and pt values do not influence the sol-
ution are reported in the Appendix.

3.2.1. Likelihood
The likelihood is expressed as follows:

L =
1

√
(2p)M|S|

exp −
1
2

(ks,m(u, t∗) − k∗s )T
S
− 1(ks,m(u, t∗) − k∗s )T

 

(4) 

where 

. k∗s is a M (the number of measurements) long vector 
containing the values of creep derived by interpreting 
the experimental test result;

. ks,m is a M long vector containing the value of ks cal-
culated by means of Equation (1), in which the values 
of t are equal to the ones imposed in the experimen-
tal tests (t∗) and u = Ea ta ks,min

 T are the par-
ameters to be updated;

. S is the MxM covariance matrix. The entries along 
the main diagonal are assumed to be equal to 12, 
whereas all the other entries are assumed to be nil, 
meaning that the residuals are assumed uncorrelated. 
1 is not known at the beginning and it is treated as a 
parameter to be updated. Its prior distribution is 
assumed to be uniform between 0 and 1. From a 
practical point of view, 1 is a term, independent 
between anchors, accounting for the anchor-to- 
anchor variability: it accounts for the spatial variabil-
ity in the soil, the uncertainties associated with the 
anchor installation and load rate application effects. 
It is worth mentioning that to account spatial varia-
bility for, a minimum number of anchor test should 
be performed. According to EN 1997 this minimum 
number is three. In Appendix, it is shown that this 
assumption does not affect the results in terms of 
characteristic value of limit tangential stress.

For Site 1 Test A and test B results are considered 
together. However, the first result for Test A (Figure 4, 
P =2000kN) was considered to be an outlier and was dis-
regarded, therefore M = 11. For Site 2 all the results of 
tests C, D and E were considered together and M = 20.

3.2.2. Prior distributions of model parameters
For all the three model parameters, lognormal prior dis-
tributions were chosen. For the sake of simplicity, the 
prior distributions assume the model parameters to be 
independent. However, since in the proposed approach 
both marginal distribution and correlation are updated, 
if any correlation is present, this will be found by the 
approach. As was previously mentioned ks,min is mainly 
associated with partial debonding at grout-steel inter-
face (Ostermayer 1975) and, therefore, it can be 
assumed independent on soil properties. In contrast, 
both Ea and ta are expected to be dependent on soil 
properties and anchor installation method.

The mean and the standard deviation values used in 
the prior distributions are reported in Table 2. To ana-
lyse the influence of the prior distributions on the 
characteristic value of limit tangential stress, the authors 
performed a sensitivity study, by considering reasonable 
upper and lower limits. The results demonstrating that 
in these ranges of values the influence of the prior 

Figure 7. Schematic of the statistical model, U stands for uni-
form and LN for lognormal.
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distributions on the characteristic value of limit tangen-
tial stress is negligible are reported in Appendix.

3.3. Results

The output of the approach used for the Bayesian updat-
ing are the posterior distributions of the model par-
ameters (Section 3.3.1). These can be introduced in the 
model of Section 3.1 to derive both the mean and the 
credible interval of the model predictions (Section 3.3.2).

3.3.1. Posterior model parameter distributions
Updating takes place on the joint probability distri-
bution of the parameters: both marginal distributions 
and the correlation between the parameters are 
updated.

The posterior marginal distributions of Ea, ta, ks,min 
and ε obtained by using aBuS-SuS are compared in 
Figure 8 with the corresponding prior distributions 
for Site 1 and the correlation of the updated variables 
are reported in Figure 9. The corresponding results for 
Site 2 are reported in Figure 10 and Figure 11. Corre-
lation between variables can be noted for Ea and ta, 
whereas the others seem to be uncorrelated.

For the sake of completeness, the output of aBuS-SuS 
are also summarised in Table 3 in terms of mean and 
standard deviation.

Table 2.  Values for the lognormal prior distributions.
Mean Standard deviation

Ea [kPa/mm] 2000 400
ta [kPa] 300 100
ks,min [mm] 0.2 0.1

Figure 8. Prior and posterior marginal distributions for Site 1.
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3.3.2. Posterior model results
The joint posterior distributions presented in the pre-
vious section can be introduced in the model described 
by Equation (1). The comparison between experimental 
results and model predictions are reported in Figure 12
(Figure 12(a,b) refer to Site 1 and 2, respectively).

In particular, the model predictions are reported in 
terms of mean value and the 90% credible intervals of 
both the model posterior and the posterior predictive. 
The model posterior refers only to the model itself, 
given the uncertainty in model parameters, while the 
posterior predictive describes the uncertainty in displa-
cements in case one wants to predict the displacements 
of a new anchor at the same site. The posterior predictive 
includes all uncertainties that arise from the data spread 
(model, spatial variability, loading rate effect, etc.)

3.4. Evaluation of the anchor characteristic 
resistance

The posterior parameter distributions and the proposed 
model can be used to derive the distribution of limit tan-
gential stresses, i.e. the ones for which ks = 2 mm. These 
distributions are reported in Figure 13 (Figure 13(a) and 
Figure 13(b) are relative to Site 1 and 2, respectively). It 
is essentially a section of the posterior predictive cred-
ible interval along the ks = 2 mm line. The dashed 

lines in Figure 13(a,b) represent the 5th percentile. By 
following the philosophy of EN1997, the limit tangential 
stress is interpreted as a material strength parameter 
(for the soil) and the 5th percentile is assumed to be cor-
responding to the characteristic value of tlim (tlim,k). For 
Site 1 and Site 2, these values are 402 and 299 kPa, 
respectively. The corresponding Plim,k are equal to 
5246 and 2668 kN, respectively (Figure 13(c,d)). In the 
following section these values are compared with 
those obtained by following the design standard.

4. Critical discussion of the obtained results in 
the light of the design standard

As was previously mentioned (Section 2.3), according to 
the current Dutch design standard (CUR 166) the 
anchor characteristic resistance depends on the partial 
(reduction) factor j. This latter ranges in between 1.39 
and 1.13, depending on the number of tests conducted 
(1.32 and 1.30 for 2 or 3 tests, respectively). In the 
case where all anchors are tested to failure, j can be 
assumed to be 1. This simplified approach is based on 
the idea that increasing the number of tested anchors 
reduces the uncertainties associated with soil properties 
and heterogeneity. As was previously mentioned, in this 
case, both CPT and anchor test results (Figure 1 and 
Figure 4) are quite repeatable, highlighting a practically 

Figure 9. Correlation between updated variables of Site 1.
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negligible influence of soil spatial variability and instal-
lation method on the results.

The values of Plim,k and tlim,k obtained by using 
j = 1.32 (representative for the number of test per-
formed) and j = 1 (as an ideal upper bound) are 
reported in Table 4.

In case j = 1.32 (i.e. when a small number of anchors 
are tested), the characteristic values derived from the 
design standard approach are significantly lower than 
those obtained by using the Bayesian updating pro-
cedure (the difference is approximately equal to 30%). 
This suggests that, the same anchor performance 
(Plim,k) can be achieved with shorter anchors. In particu-
lar, for Site 1 and 2, the anchor length can be reduced by 
3 and 2 m, respectively, leading to a more economic and 
sustainable anchor design while granting the same 
design resistance.

In case j = 1, the characteristic values calculated by 
following the design standard are similar (but slightly 
lower) to those derived by using the Bayesian updating 
procedure. Therefore, in this case the potential reduction 
in terms of anchor length (for the same anchor perform-
ance) is significantly lower (25 and 45 cm for Site 1 and 2, 
respectively). However, it is worth mentioning that j = 1 
is possible only in case all the anchors are tested. In the 
case of very large constructions requiring numerous 
anchors, this corresponds to a very large number of 
tests on anchors. In such cases, the use of the Bayesian 
updating procedure can optimise the allocation of 
resources. In other words, in this second case, the optim-
isation has to be intended in a broader sense, including 
not only the anchor design itself, but also the in situ test-
ing programme. It is worth noting that according to 
EN1997, the minimum number of tests is 3. In case the 

Figure 10. Prior and posterior marginal distributions for Site 2.
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site is characterised by large spatial variability (not the 
case of the sites considered in this paper), this number 
is not sufficient. In those cases, the spread in the results 
of anchor tests (and of posterior distribution of model 
parameters) can be used as a measure of the site 
heterogeneity.

Figure 11. Correlation between updated variables of Site 2.

Table 3.  Summary of the posterior marginal distributions.
Site 1 Site 2

Mean Standard deviation Mean Standard deviation

Ea [kPa/mm] 1772 24 1320 185
ta [kPa] 469 10.7 356 7.8
ks,min [mm] 0.13 0.04 0.31 0.05
1 [mm] 0.09 0.03 0.12 0.02

Figure 12. Posterior model distribution: (a) Site 1 and (b) Site 2.
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5. Conclusions

In this paper, the authors show how the results of a lim-
ited number of in situ experimental tests can be used to 
derive the distribution and the characteristic values of 

resistance of grout anchors. The proposed methodology 
is based on equality updating via Bayesian inference and 
requires the definition of a model allowing to relate, in a 
continuous way, the imposed load and the measured 
creep. The approach used for the Bayesian updating is 
based on the formulation of the problem as a structural 
reliability problem and on the use of subset simulations.

For the sake of simplicity, the authors introduced a 
very simple phenomenological model for reproducing 
the anchor response. However, the whole methodology 
is expected to be valid even if more complex (e.g. micro 
to macro) models are introduced to reproduce the 
anchor response.

The procedure proposed by the authors is general 
and requires minimal computational time (on the 
order of tens of seconds). As a result, it can be easily 
used in anchor design to address the limitations and 

Table 4.  Summary of the anchor characteristic resistance 
calculated by following CUR 166 and with the proposed 
approach.

CUR 166

Site 1 Site 2

j = 1.32 j = 1 j = 1.32 j = 1
Plim,k [kN] 3900 5140 1900 2500
tlim,k [kPa] 299 394 213 280

Proposed approach

Site 1 Site 2

Plim,k [kN] 5246 2668
tlim,k [kPa] 402 299

Figure 13. Distribution of the tangential stresses at failure for (a) Site 1 and (b) Site 2 and distributions of limit loads for (c) Site 1 and 
(d) Site 2.
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over-conservatism of semi-probabilistic “design by test-
ing” approaches based on partial safety factors, which 
are not tailored to specific site conditions or cases. 
The use of the proposed methodology is exemplified 
on two experimental campaigns in which failure tests 
on ground anchors were performed in two different 
locations in the Port of Rotterdam. By comparing the 
results in terms of characteristic values of limit tangen-
tial stress along the anchor grouted shaft obtained from 
the new methodology and the ones obtained by using 
the current design standard, we observe an increase 
up to 30% of the anchor characteristic resistance values. 
The limit tangential stresses are calculated by assuming 
the interaction between the free length of the anchor 
and the surrounding soil to be negligible. In principle, 
this assumption has to be verified during the in situ 
experimental tests, for instance by including local strain 
measurements (e.g. fibreglass) along the whole anchor 
length.

In contrast to the standard procedures, according to 
which the estimation of the anchor resistance is essen-
tially based only on the final test measurement, the 
approach proposed by the authors allows to use in a 
more efficient way all the data gathered during the tests.

In principle, the proposed approach can be used for all 
type of anchor tests. However, tests performed at load 
values significantly lower than the failure load are less 
informative and the model predictions might be less 
accurate, leading to an underestimation of the anchor 
resistance characteristic value. Though particularly inter-
esting from a design point of view, this aspect is not cov-
ered in this paper, making it a promising area for future 
developments. The developed code is freely available at 
https://github.com/LFlessati/AnchorUpdating.
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Appendix

The influence of the input parameters for aBuS-SuS on the characteristic value of limit average tangential stress along the anchor 
shaft is discussed in Figure A1–Figure A5. In particular, the influence of the numerical parameters N and pt is discussed in Figure 
A1(a) and Figure A2(b), the influence of the prior distribution of the model parameters in Figure A2–Figure A4 and the influence 
of the variance of the predicted error in Figure A5. For the sake of brevity, only Site 1 is taken into account.

Regarding the model parameter priors, the values listed in Table 2 were used as a baseline, along with variations where these 
values were increased by 50% and decreased by the same amount. It is worth noting that the mean values of the priors of ks,min and 
Ea in Table 2 were chosen using their definitions from the experimental results of Figure 4, whereas, the mean value of the prior of 
ta is estimated by assuming a frictional behaviour of the soil-grout interface:

ta = K s′v tanf′ (5) 

in which the fricition angle f′ = 43◦ (estimated from CPT data with the approach proposed in Robertson and Campanella 
(1983)), s′v the vertical effective stresses are calculated accounting for the anchor depth and the non-dimensional factor K allow-
ing to pass from vertical effective stresses to the normal stresses acting along the grouted length is assumed equal to 1.4, the lower 
bound value suggested in Littlejohn (1980).

The numerical solution in terms of tlim,k is practically unaffected testifying both the robustness of the employed approach and 
the validity of the results.

Figure A1. . (a) influence of N on tlim,k and (b) influence of pt on tlim,k .
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Figure A2. . Influence of the prior distribution of Ea on tlim,k : (a) mean and (b) standard deviation.

Figure A3. . Influence of the prior distribution of ta on tlim,k : (a) mean and (b) standard deviation.
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Figure A4. . Influence of the prior distribution of ks,min on tlim,k : (a) mean and (b) standard deviation.

Figure A5. . Influence of the error on tlim,k .
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