
1  Introduction
A major challenge for technical committees in 
generating design guidelines and codes of 
practice is the choice of safety levels achieved by
prescribing partial safety factors. The method
must provide sufficient reliability, yet at the same
time the resulting design should be economically
feasible. The Dutch CUR-Committee for piled 
embankments has chosen a probabilistic approach
to determine the partial factors in order to follow
a rational and objective procedure. Table 1 lists
the five main procedure steps discussed in this
paper.

Table 1 - Process steps calibrating partial factors

Step Phase description

1 Define the failure mechanisms. 

2 Compare model calculations 
with measured data.

3 Perform reliability analyses 
for reference cases.

4 Calibration of the model factor.

5 Calibration of the partial load                  
and material factors

2  Piled embankment

2.1  WHAT IS A PILED EMBANKMENT?
The basal reinforced piled embankment was deve-
loped  to build roads, railways or platforms in soft
soil areas. They are constructed relatively quickly,
settlement-free and they do not damage adjacent
sensitive constructions by causing horizontal soil
deformations. A basal reinforced piled embank-
ment consists of (bottom-up in Figure 1):
- a foundation of piles with (or sometimes without)

pile caps. 
- geosynthetic reinforcement (GR). This is the basal

reinforcement, installed in one or more layers. 
- an embankment. The bottom layer of the em-

bankment (the ‘mattress’) must consist of a fric-
tional material, like sand or crushed aggregate
(e.g. crushed rock or crushed recycled construc-
tion material). 

The load transferred to the pile caps is partly due
to arching and partly transferred through the GR.
The 2015 update of the Dutch CUR226 guideline
for the design of basal reinforced piled embank-
ments adopted a new model for the GR design: the
Concentric Arches (CA) model of Van Eekelen et
al., (2013; 2015, Figure 1). This CA model calcula-
tes a value for the maximum GR strain and corres-
ponding tensile stress in two calculation steps. 

2.2  WHY A NEW METHOD?
Van Eekelen et al. (2015) showed that the new CA
model, adopted in CUR226 (2015), calculates GR
strains that are on average 1.06 times higher than
the values measured in seven full-scale projects
and four series of scaled model experiments, while
the model of the old version of CUR226 (2010) 
calculated GR strains that were on average 2.46
times higher than the measured values. The 
standard deviation was also reduced with the 
new model, although a considerable standard 
deviation remained.

3  Step 1: Failure mechanisms

3.1  SYSTEM RELIABILITY
Eurocode 0 (EC1990) provides target reliability 
indices β (or equivalently, target probabilities 
of failure Pf) for each consequence class (CC) or 
reliability class (RC). For the Dutch piled embank-
ment guideline, these target values were interpre-
ted to refer to the entire structural system,
consisting of several failure mechanisms such as 
(1) structural failure of the pile cap, (2) bearing 
capacity failure of the piles, (3) fracture of the GR,
(4) slip surface instability of the total system. The
last failure mechanism is not realistic in most
cases.
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Figure 1 – The Concentric Arches model for GR design in a basal reinforced piled embankment (Van Eekelen et al., 2013 and 2015)
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3.2  FAULT TREE
The simplified fault tree in Figure 2 visualizes the
most relevant failure mechanisms for a piled em-
bankment system.
The total system failure probability depends on
the interaction between individual mechanisms.
For example: The bearing capacity is determined
by both the pile bearing capacity and the soil be-
tween piles. Other mechanisms like fracture of the
reinforcement or loss of bearing capacity result di-
rectly in total system failure. In that case, the
upper boundary of the system failure probability
is the sum of individual failure mechanism (an OR-
gate +�).

3.3  TARGET PROBABILITIES PER 
FAILURE MECHANISM
Target probabilities of failure can be assigned to
individual failure mechanisms, based on their role
in the system as defined by the fault tree (see e.g.
Schweckendiek et al., 2012). For design situations,
the allocation of target probabilities of failure is
largely arbitrary as long as the overall system tar-
get reliability is met. It makes sense to allocate ra-
ther high target values to failure mechanisms for
which the mitigation is rather costly. The failure
tree for all three reliability classes is defined and
used in the MC analysis. 

4  Step 2: Comparing model 
calculations with measured data

4.1  COLLECTING DATA
Van Eekelen et al. (2015) collected 11 experimen-
tal and field test series and compared measured
GR strains with values calculated with the new CA
model, which was adopted in the CUR226 (2015)
guideline. This resulted in 122 data points. Seven
of these points were rejected as the polypropylene
(PP) reinforcement crept too much during the ex-
periment. 

4.2  ASSESSMENT OF MODEL ERROR
Figure 3 shows the ratio between measured GR
strains re and calculated GR strains rf for the 115

relevant experiments. For 22 data points, the cal-
culations gave an under-prediction of the measu-
red strains (re/rt > 1.0) and for the remaining 93 an
over-prediction (re/rt < 1.0, i.e. conservative beha-
viour of the model). The mean model bias, asses-
sed as suggested in Eurcode 0 (annex D), is 0.727
and the variation of the error terms is about 0.702.
Table 4 presents more detailed information for se-
veral sub-sets of data.

5  Step 3: Reliability analyses for 
reference cases 

5.1  GEOMETRY
The coefficient of variation of the pile centre-to-
centre distance was determined by analysing the
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Figure 4 – Relationship between characteristic value of the unit weight
of the fill properties and the student-T distribution in the MC simulation.Figure 2 – Tree of failure mechanisms (RC3)

Figure 3 – Ratio of
measured GR strain 

(re) and calculated GR
strain (rt), sorted

in descending 
order. Two results 

(ratios > 5-8) are 
beyond the displayed

scale. Data obtained
from Van Eekelen 

et al. (2015).



measured pile position for a project in Houten
(Van Duijnen et al., 2010). The result is given in
Table 2.

5.2  MATERIAL PROPERTIES 
EMBANKMENT FILL
In the Netherlands, the default values for the coef-
ficient of variation (V) of common soil types are
stated in the national annex of EC7. Table 2 pre-
sents the values used in the present study.
For the soil properties, the student-T distribution
for the 95% value was used.

                                               (1)

Table 2 - Coefficients of variation of soil 
properties and geometry as applied 
in the calibration study

Property V                         
Centre-to-centre distance 0.10 m
Embankment height 0.05 m           
Angle of internal friction 0.10 deg       
Unit weight of the fill 0.05 kNm3

Sub grade modulus 0.25 MPa

Figure 4 presents the relationship between the
characteristic value for the unit weigth (19 kN/m3)
and the student-T distribution used in the MC 
analysis.
Figure 5 presents the relationship between the
characteristic value for the angle of internal fric-
tion (45o) and the student-T distribution used in
the MC analysis as described in NEN 9997-1.

5.3  GEOSYNTHETIC REINFORCEMENT (GR) 
PROPERTIES

5.3.1  STRENGTH
GR suppliers must guarantee the short term design
strength of the GR. They are obliged to test 
the tensile strength for every production batch.
Batches are only accepted if all tensile strength 
results are larger than the strength on the label
(Ftest > Fmat). 
In the MC analysis the variation coefficient V=0.05
is used for the tensile strength Fmat, which is a
slightly conservative estimate, as the variation
provided by the suppliers are somewhat lower. 

5.3.2  TIME EFFECTS
The tensile strength on the label is the short term
strength of the GR leaving the factory. The
strength reduces in time mainly due to environ-
mental circumstances, installation damage and
material behaviour (creep, relaxation). Designs are
based on the strength at the end of the lifetime.
Figure 6 presents the reduction in tensile strength
as a function of time due to creep for several 
products (source: BBA certificates). After 100
years the strength is estimated to be 65% to 
75% of the initial strength. 

The tensile strength at the end of the lifetime (100
years) was used for the present calibration study.
Analysing the reliability of a system with the 
tensile strength at the end of its life results in 
an underestimation of the lifetime reliability.

5.3.3  STRENGTH-STRAIN RELATION SHIP
The correlation between tensile strength and axial
stiffness is determined in the MC analysis using a
ratio factor between the two, with a coefficient of
variation of 0.1. Figure 7 illustrates the resulting
scatter.

5.4  LOADS
The dominant loads in piled embankments are
traffic loads. EC1-4 gives characteristic loads. Un-
fortunately, no appropriate statistical model was
available for explicit uncertainty of the traffic
load. Instead, the loads applied in the calibrations
are nominal values from EC1-4. Since the uncer-
tainty in the load is already accounted for in these
nominal values, the target reliability index βb was 
reduced as follows, using a standardized influence
coefficient R = 0.8 for the resistance as suggested
by ISO 2394.

(2)

Table 3 presents the target reliability indices in 
the ultimate limit state (ULS) for the 3 reliability
classes with and without  top load.

Table 3 - Target reliability index β in the ULS
RC 1 RC 2 RC 3

Without top load >3.5 >4.0 >4.6       
With top load >>2.8 >>3.2 >>3.7    

For piled embankments, the influence coefficient
for the top load (αr=0.8) may be overestimated.
Figure 12 shows that the influence of the external
loads on the reliability is much smaller and the fac-
tor (αr) is larger for a thick mattress (case 1). For
case 1, RC2 without top load (β r =4), the required
tensile strength is about 520 kN/m and with top
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Figure 5 – Relationship
between characteristic
value of the angle of 
internal friction of the 
fill and the student-T
distribution in the MC 
simulation.

Figure 7 – Scatter plot of the
correlated relationship be-
tween tensile strength and
axial stiffness of the GR.

Figure 6 – Strength
reduction as a function
of time due to creep.



load (β=3.2) about 400 kN/m. Obviously, a smal-
ler tensile strength in the case with top load is not
logical and the target reliability β index for the
cases with top load βT l sd is used as a bottom limit.
Engineering judgement and the calculated relia-
bility index are decisive for the load factor.

6  Step 4: Calibration of the Model error

6.1  STATISTICAL CHARACTERIZATION
In order to account for the model uncertainty, the
definition of the model factor as suggested in 
Eurocode 0 has been adopted for the design me-
thod for piled embankments. The model factor is
a combination of the mean bias (b  =  re/rt) and a 
variation around the mean δ (Eq. (3)), the variation
coefficient of which is calculated with Eq. (4). 

re = b • rt • δ i                                                                       (3)

                                                          (4)

The distribution of δ is assumed to be lognormal.
The basis for the mean value b and coefficient of
variation V is the comparison between calculated
and measured strain (re and rt) results, as des-
cribed in section 4. As the entire data set is not 
relevant for the envisaged Dutch guidelines, only
a subset based on the subgrade modulus was 
considered. Figure 8 presents the ratio (re/rt) 
plotted against the subgrade modulus k. 

Table 4 - Mean bias and variation coefficient of 
the model error based on subsets of 
experimental data from Van Eekelen et al. 
(2015) with different subgrade moduli. 

Subgrade Number Mean Coefficient
modulus k of data bias b of variation
[kN/m3] sets N Vδ

0 11 0.833         0.163
≤158 17 0.806         0.246
≤236 22 0.775          0.306
≤480 46 0.679         0.857

≤1200 54 0.700         0.868
≤3138 115 0.727         0.702

Table 4 shows the model error statistics for diffe-
rent subsets of data in classes with increasing
maximum subgrade modulus.
In the Netherlands, piled embankments are 
usually constructed in soft soil areas with would
otherwise give large settlements (subgrade modu-

lus k < 236 kN/m3).
Hence, the range of application of the Dutch 
design guidelines was limited to subgrade moduli
up to 240 kN/m3, which justified using only the 
22 experiments reported in the third line of Table
4 with a maximum value of 236 kN/m3. The model
bias for this data is illustrated in Figure 9.

6. 2  MODEL FACTOR (DESIGN VALUE)
The dominant failure mechanism in the Service-
ability Limit State (SLS) is excessive GR strain. 
The SLS target reliability index is 2.8, the target
probability of failure is 0.24% (Pf = Φ )–2.8)).
Figure 10 shows the results of a MC analysis 
with the calculated maximum GR strain on the 
horizontal axis and its probability of exceedance
(Pf = εe < εt ) on the vertical axis. The calculated
maximum strain with all factors equal to 1 was
about 2.7%. The 0.24% failure strain was about
3.60 (see figure 9). The model factor is calculated
with:

Figure 10 – Probability
curve of occurrence 
calculated strains to 

determine the 
model factor.

Figure 8 – Ratio re / rt versus subgrade modulus k. Figure 9 – Measured GR strain re versus calculated GR strain rt for the 22 data
points from Van Eekelen et al (2015) with subgrade modulus k < 240 kN/m3.
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The model factor ensures a safe calculation model
with a probability of failure of about 0.24% in the
serviceability limit state (β= 2.8).

7  Step 5: Calibration of the Partial factors

7.1  CALIBRATION WORKFLOW
The calibration of the partial factors is based on
four reference cases that are characteristic for
piled embankments in the Netherlands. The par-
tial factors are determined iteratively as shown in
the flow chart in Figure 11. 

For each test case, data set and set of partial fac-
tors, a design is made which meets the unity check
for the envisaged design rule. Subsequently, the
reliability index of the design is assessed with MC
analysis (i.e. the same probability distributions are
used for deriving the characteristic values in the
design as well as in the reliability analysis) and
compared to the target value. The partial factors
are amended in an iterative process until all test
cases comply with the required reliability index β.

7.2  ANALYZED CASES
Table 5 lists the general data of the four cases in

the MC-analysis. Case 3 is the common situation
for piled embankments. Case 1, 2 and 4 are excep-
tional situations which represent the limits of the
design method.  

For all cases, the fill unit weight is 19 kN/m3,
square pile caps and pile spacing are applied. The
calculations were performed for a subgrade 
modulus of 0 and 100 kN/m3. The ratio between
short term strength and stiffness was 12.

8  Results

8.1  RESULTING SAFETY FACTORS 
AND MODEL FACTOR
Figure 12 presents the relation between the 
characteristic (95%) long term tensile strength 
and the calculated reliability index β (markers) 
for four reference cases. 
The figure shows that the influence of the required
tensile strength on the calculated reliability  index
β is large for thin mattresses (case 2) and small 
for thick mattresses (case 1). 

Table 6 presents the partial factors which comply
for all cases with the required reliability and at 
the same time do not over-design the construc-
tion. It is not possible to calculate 1  single set 
of partial factors that exactly gives the required 
reliability for all cases.

8.2  CALCULATED RELIABILITY
Table 7 presents the calculated reliability index β
for all 4 cases for the serviceability limit state (SLS)
and the 3 reliability classes (RC1, RC2 and RC3) in
the ultimate limit state.

The values in italics in Table 7 are a slightly below
the required target reliability index. The situation
without surcharge load is not realistic and there-
fore these relatively low values were accepted.

8.3  INFLUENCE OF GR STIFFNESS/
STRENGTH RATIO 
The ratio between the GR stiffness (J) and the
(short term) tensile strength has a limited influ-
ence on the calculated reliability β. Table 8 shows
this influence.

With an increasing GR stiffness – strength ratio,
the reliability index β reduces. The presented 
partial factors are only applicable for a ratio 
between strength and stiffness of 7 to 20.

8.4  NON-SQUARE PILED ARRANGEMENTS: 
SX ==/ SY

All considered cases so far have a square pile 
pattern (sx = sy). Table 9 presents the calculated 
reliability index β for the case sx =/ sy and a 
surcharge load of 20 kN/m2.
The influence of the difference between the 
longitudinal and transversal pile spacing is negli-
gible.

9  Lessons learned
In this paper we wanted to share: 
– Selection of relevant subsets of experimental

data can help in constraining the model uncer-
tainty for a specific application.

– In order to determine which parameters should
be factored at all, we successfully followed a 
sequential approach, meaning that we started
with the most influential variables and then
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Table 6 - Resulting partial material- and 
load factors and the model factor

RC1 RC2           RC3
Required β > 3.5 > 4.0         > 4.6

Angle of internal 
friction 1.05 1.10          1.15
Unit weight 0.95 0.90          0.85
Tensile strength GR 1.30 1.35          1.45
Axial stiffness GR 1.00 1.00          1.00
Subgrade modulus 1.30 1.30          1.30
Top load 1.05 1.10          1.20
Model factor 1.40 1.40          1.40

Table 8 - Influence of GR stiffness-strength ratio for case 3
Fr;kd;k Fr;ld;k J Ratio Reliability

[kN/m] [kN/m] [kN/m] J / Fr;kd;k index β

178 111 1 260 7 3.53
215 135 2 600 12 3.49
260 163 5 200 20 3.46
542 340 54 000 100 3.42

Table 7 - Calculated reliability index β
Case Without surcharge load With surcharge load

SLS RC1 RC2 RC31 SLS RC1 RC2 RC31

1 2.82 3.56 4.05 2.81 3.58 4.02

2 2.67 3.31 3.67 2.63 3.28 3.65
3 2.78 3.50 3.98 4.75 2.76 3.49 3.95 4.31
4 2.72 3.42 3.84 2.70 3.38 3.80

1 Due to time not all cases were analysed in RC3 because this 
would have been required at least eighty million calculations.

Table 5 - General dimensions of the 4 cases         

Case 1 2 3 4      

sx and sy [m] 3.25 1.75 2.25 2.25

Height [m] 10 1.5 3.5 3.5

Square pile cap [m] 1.25 0.4 0.75 0.75

Friction angle [deg] 35 45 45 35

Top load [kN/m2] 20 50 20 20    



checked one by one if additional factoring
seemed efficient and relavent.

– Where very high reliability requirements (e.g.
Eurocode RC3) impede the design verification
using MC analysis, the partial factors are extra-
polated from results of lower reliability (e.g. RC1
and RC2).

– Calibration of partial factors using reliability 
analysis makes the deliberation process in ex-
pert committees objective. 

– It is not possible to design every construction
with exactly the required reliability index with 
1 set of partial factors. The partial factors are 
focused to design common constructions with
the required reliability index in an economically
viable manner. For exceptional piled embank-
ments (H < 1.5 m. H > 10 m or J/F > 20) a MC 
analysis is recommended.
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Figure 11 – Flow chart of the calibration workflow todetermine a set 
of partial factors which leads to the complying with the target reliability 
for all test cases.

Figure 12 – Reliability index – characteristic tensile strength (Fr;x;ld;k ) 4 cases,
without top load (a) and with top load (b) and subgrade  modulus k = 0 kN/m3.

Symbols
_ _ 

Δ Δ = 1/N • ΣΔ i
Δi Δ ln (δ i )
s2 Standard variation coefficientΔ

of the error term: _                                                           

s 2 = 1/(N–1) • Σ (Δ i–Δ )2
Δ

B Least squares best fit to the ratio 
between experimental and                       
theoretical results: b=∑ re·rt /∑ rt2

Nfail Failure count (R < S)
Pf Probability of failure 

(Pf =Φ (-β) = Nfail / N).
re Experiment result (test result)
rt Theoretical results (calculate value)

t p Inverse student T distribution for n–1
probability p and (n-1) degrees of 
freedom

Vδ Variation coefficient error term: 

Z(R-S) Reliability function
δi Error term experiment / theoretical 

result: rei / (b·rti)
β Calculated reliability index _
X Mean value
Fr;ld;k Characteristic tensile strength 

end of the lifetime
Fr;kd;k Characteristic tensile strength 

leaving the factory

Table 9. Influence irregular centre-to-centre 
distance piles                                                                       

Case sx [m] sy [m] RC1           RC2

3 2.25 2.25 3.49          3.95
2.00 2.50 3.47          3.90




