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Abstract. One of the characteristic features of the city of Utrecht is its extensive
system of canals and wharf cellars, whose constructions date back as early as
the 1200s, and which are now considered as one of the historical properties of
the city. A typical wharf cellar in Utrecht comprises a masonry barrel vault with
multi-layered rings for the cellar interior, masonry piers which are interconnected
to the other wharf cellars, and spandrel walls for the fagades. Due to increased
traffic volume and urbanization which caused the increase of dead load and traffic
load, it is important to assess the structural safety and state of maintenance of
these historical structures. In this paper, a novel safety assessment framework
for these structures is presented and applied to the analysis of a typical masonry
wharf cellar in central Utrecht. The geometry of the cellar is first parametrically
generated, which is then used to create a block-based numerical model for analysis
using the Distinct Element Method (DEM), where bricks units are modelled as
discrete blocks separated by zero thickness interfaces. Traffic loads in accordance
with the Dutch Standard traffic model for regular vehicles and emergency service
vehicles are calculated and the dispersion through the filling soil is modelled. The
ultimate load due to these load configurations is then assessed. The analysis results
can be used to identify the critical load cases and the failure mechanisms of the
wharf cellar, while also providing general insights into the safety and stability of
the cellars, thus aiding engineers in their efforts to extend the lifespan of these
historical structures.

Keywords: Utrecht Wharf Cellar - Distinct Element Method - Traffic Load -
Barrel Vault - Boussinesq theory

1 Introductions

Masonry arches and vaults have been the basis of the structural elements for many
historical constructions since the first ever known masonry arched structures in ancient
Egypt and Mesopotamia. The number of masonry arched structure in Europe is estimated
to be more than 200,000 within the railway network and is predicted to reach 300,000
if the masonry bridges within the public road system are taken into account [1]. In the
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Netherlands, a large part of the public road network is still connected to masonry arch
bridges and vaults, whose construction dates back to the Middle Ages. These structures
still serve as functional infrastructures subjected to relatively large traffic loads every
day. The city of Utrecht in the Netherlands is well known for its wharf and street cellars
which were built starting from the twelfth century and are now integrated to the public
roads. The cellars were initially built to store goods that were transported from the canals.
Nowadays, they are used as terraces, office spaces, and other economic functions. The
cellars are also considered as one of the historical properties of the city under the National
Monument Stadsbinnengrachten en Werven.

The construction of the wharf cellar and its typical components are shown in Fig. 1a
and Fig. 1b, respectively. The numbers in Fig. 1b are described as follows; 1: cellar’s
vault, 2: basement foundation and retaining walls, 3: cracks and leakage, 4: street traffic,
5: wall anchors, 6: basement access, 7: water drain, 8: cable pipes, 9: waterproof layer,
10: new waterproof layer, and 11: wall fagcades. A typical cellar system comprises a
longitudinal bond barrel vault, cross bond masonry piers interconnected to adjacent
wharf cellars, and a spandrel wall for the facade. Depending on the span of the cellar
system, multi-ring arrangements are used on the cellar’s vault. Due to urbanization and
increased traffic volume, the loads sustained by these structures have changed from
pedestrian, horses, and carriages to heavier motorized vehicles.

(@ (b)

Fig. 1. Sketches of (a) construction of wharf with wharf cellars and (b) wharf cellars typical
components [2]

Furthermore, the recent collapse of the historical Grimburgwal quay wall in Ams-
terdam [3] brought to light the importance of assessing the structural safety and state of
maintenance of historical structures in Dutch cities. A collaborative work between Wit-
teveen + Bos, Antea Group, and Royal Haskoning DHV for the municipality of Utrecht
was started in 2021 to assess the load bearing capacity, investigate the causes of damage
in the defective cellars, and check the maximum permissible load for the traffic to safely
cross the wharf cellars [2]. The study utilized two-dimensional numerical modelling of
the wharf cellar system and the surrounding soil to assess the safety of the cellar in
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accordance with the NEN 8701 Dutch guideline for assessment of existing structures.
[4].

The assessment method of the load bearing capacity and serviceability limit of arched
structures have been extensively studied, from the empirical MEXE method to non-
linear numerical methods such as finite or discrete element methods. Sarhosis, et. al.
[5] summarized the experimental investigations and assessment method for masonry
arch bridges but can be easily extended to vault structures as well. Typically for fast
and reliable results, empirical methods or limit state based approaches are enough to
obtain the collapse load and reactions of the abutments/piers. However, the load bearing
capacity seldom overestimated due to the imposed assumptions and information about
the displacements and stress distributions are not provided. Recently with the increase of
computational power, researchers have leaned into utilizing a micro modelling strategy
called distinct element method (DEM) where masonry units are represented as assem-
blages of block units and mortar joints represented as zero thickness interfaces. This
method is widely used for the assessment of masonry arched structures [6, 7, 8].

In this context, this paper introduces a safety assessment framework based on the
micro modelling approach and demonstrates it via application to the compliancy assess-
ment of an Utrecht wharf cellar as a case study. The numerical framework utilizes a
rigid block formulation where nonlinearities and block deformations are lumped at the
interfaces between blocks. The compliancy of the wharf cellar model is checked against
the load model in accordance to the Dutch Guideline for traffic loads on bridges and
other civil engineering works [9]. If the structure is compliant, the applied load is incre-
mentally increased until failure is reached and the failure mechanism and ultimate load
bearing capacity of the cellar is observed. The failure load and mechanism obtained from
the numerical model will enable engineers to check the safety and stability of the cellars
in their efforts to extend the lifespan of the historical structure.

2 Case Study of the Wharf Cellar in Kromme Nieuwegracht

The wharf cellar system shown in the right-hand side of Fig. 2a is located in the Kromme
Nieuwegracht canal in the center of Utrecht. The cellar was built possibly in the 12
century, and then rebuilt between 1500-1700 with a higher crown height. The wharves
were used as ground-level transport of goods and the cellars were used for storage. The
cellar system used for the demonstration of the proposed framework comprises three
inter-connected wharf cellars which consist of masonry barrel vaults and load bearing
walls with varied springing level. The cross-section drawing of the cellar system is
presented in Fig. 2b. The units shown are in mm.

The geometrical information is summarized in Table 1 based on the investigation
report conducted by Royal Haskoning DHV [10], hereby termed as the investigation
report,. The heights were measured based on the N.A.P (Normaal Amsterdams Pell /
Normal Amsterdam Level), a reference plane for height in the Netherlands. The interior
height is measured between NAP + 2.946 mm and NAP + 2.969 mm. The foundations
of the cellar system (below the NAP 0.0 m) are shallow foundations sitting on a loosely
packed sand.
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Fig. 2. (a) existing situation and (b) cross-section of a reference wharf cellar in Utrecht (all units
in mm) [10]

Table 1. Geometrical data of Kromme Nieuwegracht Wharf Cellar

Kromme Nieuwegracht Piers Arch

Total Length 12.88 m | Width 14m | Span 4.8 m

Height over the N.A.P 334 m | Length 42 m |Rise at midspan (NAP +) |2.73m

Number of Arches 3 Height 2.6 m | Vault depth 0.26 m
(NAP +)

The material properties, presented in Table 2, are based on the characteristic values
specified in the NPR 9998 + C1:2020 [11], the Dutch practical guideline for safety
assessment of buildings. The density of the masonry is taken as 23 kN/m> while the
backfill and pavement density are taken at 18 kN/m> and 23 kN/m?, respectively. The
dilatancy angle is assumed equal to 0. The cross-section of the barrel vault was identified
by drilling two boreholes at the highest point of the vault. The drill core result showed
that the barrel vault consisted of one brick unit stacked upright with dimensions of
220 x 110 x 55 mm (Length x Width x Height) and another unit stacked horizontally
perpendicular to the previous layer, with mortar thickness of approximately 10 mm.

Table 2. Masonry material properties as per Table F.2. of NPR 9998 (2020) [11]

Properties Table F.2 Masonry Clay Brickwork Units
NPR 9998 (2020) (pre 1945)

Elastic modulus En 6000 N/mm?

Shear modulus Gm 2500 N/mm?

Uniaxial tensile strength | fiu4:b: per 0.1 N/mm?

Initial bed joint shear Jma:v:0 0.3 N/mm?

strength

Bed joint shear friction Mma:m 0.75 [-]

coefficient
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The illustration of the vault’s cross-section and the investigation footage are presented
in Fig. 3a and Fig. 3b, respectively. Finishing layers were found at the top and bottom
side of the vaults, while a bituminous layer for waterproofing was observed at the top-
side. The total vault thickness excluding the finishing layers was 260-270 mm. A cross
bond pattern was found at the location of the piers while a longitudinal bond pattern
was observed at the vaults. The transition occurred at the springing level, approximately
NAP + 1.9 m. According to the investigation report, the assessment results for special
traffic load showed that there was a risk of crack formation perpendicular to the direction
of travel where the tensile strength at the bottom and top of the arch was exceeded even
though the collapse load was considerably higher.

Bituminous layer 1
Finishing Layer ——— | 10-20mr

Brick Units

Brick Units — —1T

(a) (b)

Fig. 3. (a) lllustration of the cellar vault’s cross-section and (b) Investigation footage at the bottom
of barrel vault

3 Distinct Element Modelling of Utrecht Wharf Cellar

The presented wharf cellar system is then modelled based on the three-dimensional
distinct element method (DEM) [12] using the commercially available software 3DEC
7.0 [13]. This numerical method has been extensively used in the numerical analysis
of arched structures and is particularly useful to this research to observe the failure
mechanism and damage propagation of the cellar system at a detailed level. In DEM, the
masonry blocks are modelled as assemblages of rigid or deformable blocks connected
via point contacts comprising interface springs. Interactions between distinct blocks are
defined using the soft-contact approach, which allows interpenetration between blocks,
the extent of which is controlled by the stiffness of the interface springs. The equation
of motion in DEM is solved using an explicit time-marching scheme where central
difference algorithm is used. For static problems, the convergence or failure mechanism
isreached by introducing dynamic relaxation, a form of artificial damping, to the equation
of motion. [14].

The flowchart outlining the block generation and numerical analysis for the safety
assessment tool is presented in Fig. 4. The process starts with the parametric generation
of the cellar system geometry in Rhino + Grasshopper based on the inputs from Table 1
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1. Load Model 3
(NEN8701)

2 Filing Soil
Dead Load

Fig. 4. Flowchart of the block generation and analysis for the safety assessment of Utrecht Wharf
Cellar model

and on-site inspection. The parametric geometry generation tool contains a series of
Grasshopper components with ad-hoc C# scripts that allows fast and robust generation
of vault masonry blocks including the longitudinal bond pattern at the barrel vault. Note
that the masonry units are modelled with extended dimensions up to half of the mortar
joint thickness on all sides of the units. The crown height of the arch elements is uniform
for the sake of modelling simplicity. In order to save computational time and reduce
the number of blocks modelled, only half of the left and right cellars are defined. The
generated geometry is presented in Fig. 5a. In order to retain the joint plane (face-to-face
contact) between the vertical units and horizontally stacked units (which in reality would
be realized via the layer of mortar), the horizontally stacked units are further discretized
into three distinct elements corresponding to the contacting vertical units below them as
shown in Fig. 5b.

(@ - ' (b)
Fig. 5. (a) [sometric view of the Rhino 3D model of Utrecht Wharf Cellar and (b) stacking pattern
at the arch section

The blocks are then imported into 3DEC and contacts between each of the cellar
elements are defined. The blocks are modelled as rigid, while all deformation is lumped
into the interface springs. Block density is the only unit input parameter needed under
rigid blocks formulation. A Coulomb friction joint constitutive model is applied to the
contacting points of the blocks where material properties in Table 2 are used as the joint
properties, with zero dilation angle. The joint normal and shear stiffnesses at the contacts
between blocks are defined as a function of Young moduli of brick units and mortar over
the contact area, as presented in Eq. (1) and Eq. (2) for normal and shear joint stiffness,
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respectively [15]:

Eb -Ey

" @ By .
Ky
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where Ej, and E,, are the brick and mortar Young’s moduli, 4; is the joint height and v
is the Poisson’s Ratio.

In terms of boundary conditions, the bottom of both piers are fixed, and in order to
simulate symmetric conditions at both ends of the arch vaults, non-physical rigid blocks
are defined where blocks are fixed and frictionless contact joints are applied between
the blocks and the vault elements. Once the masonry material properties are defined, the
3DEC model is brought to equilibrium under gravity load. Then, the fill material above
the cellar system is added as dead load and also brought to equilibrium.

The traffic load in accordance with the BM3 of the NEN-EN 1991-2/NB guideline
[9] is applied incrementally until the full application of the load. If after full application
of the load, the maximum displacement of the structure is still within the specified
threshold by the Dutch guideline, which in this case equals to 0.032m, the structure is
considered compliant under the applied load. To obtain the failure load, the traffic load is
then incrementally increased beyond the full application of the load until collapse occurs
to determine the failure load of the cellar system. The failure load is determined when
the F' (capacity /demand) ratio in Fig. 4 is less than 1, or when the observed displacement
keeps increasing to infinity.

The backfill load on the arch can be represented as irregularly shaped particles, e.g.
Voronoi shape, or be represented as a distributed load over the area. However, with the
rigid block formulation in 3DEC, only the latter option is allowed. Since the backfill
soil is not explicitly defined in this model, the traffic loads are applied similarly as
distributed loads. The load dispersion model follows the Boussinesq distribution [16]
along the arch ring while the load is uniformly distributed if it extends beyond the arch
ring. By assuming a semi-infinite elastic soil below the level surface, the load dispersion
is defined by Eq. (3). The angle definition is presented in Fig. 6. Note that the angles in
Eq. (3) are in radians.

o, = g[a + sin« cos(a + 28)] 3)

The assessment approach by Royal Haskoning DHV [10] prescribed eight positions
along the travel direction of the wharf cellar. In this paper, the heaviest axle load will be
applied at the center of the middle wharf cellar (position #5 in the investigation report).
The other positions will be validated as part of the future work of this paper. The BM3
load model in accordance with NEN-EN 1991-2/NB is based on a traffic load in case
of emergency deployment of fire services. The ladder fire truck is chosen for the safety
assessment since the truck has the heaviest axle load weight. The ladder truck has two
axles of 8 tons and 11.5 tons with an axle-to-axle distance of 4.2 m. The rear axle is
applied at the center of the middle cellar while the front axle is applied closer to the left
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(2)

Fig. 6. Illustration of (a) Boussinesq distribution and (b) Traffic load dispersion

cellar since the cellar system was located in a one-way traffic lane with the direction
travel going from the right cellar to the left.

According to NEN-EN 1991-2/NB, a magnification factor of 1.4 must be consid-
ered when the special vehicles move at a speed of more than 5 km/h. Therefore, the
distributed loads for the rear and front axles are 1.4*115kN/(4.2*1.0) = 38.3 kN/m2 and
1.4%80kN/(4.2%1.0) = 26.7 kN/m?, respectively. Illustration of the load application for
BM3 is presented in Fig. 6b. The traffic load dispersion along the arch ring is limited by
an angle of dispersion at both ends of the area load. The angle of dispersion, 9, is set to
30° according to Chapter 4.9.1 of NEN-EN 1991-2/NB. The example of the load appli-
cation in the middle arch is shown in Fig. 7. Once the traffic load magnitude is defined,
the area of the arch model that falls within the area limited by the angle of dispersion,
the violet arrows in Fig. 7, is searched. The dispersed traffic area load calculated using
Eq. (3) is then distributed to the nodes (grid-points) of the blocks within the area.

Force (N)

2.1039E+02
2.0000E+02
1.8000E+02
1.6000E+02
1.4000E+02
‘ 1.2000E+02
1.0000E+02
8.0000E+01
6.0000E+01
4.0000E+01
2.0000E+01
0.0000E+00

Fig. 7. Example of traffic load application in the middle arch of the wharf cellar model (BM3
load)

Based on the site inspection report [10], layers of loose sand were found below the
floors of the wharf cellar system. Therefore, a lateral earth pressure also needs to be
considered as an additional load acting on the cellar system. Similar to the backfill load,
since the soil below the floors is not modelled, the lateral earth pressure loads on the
piers are applied as displacement-dependent distributed loads, according to the unified
model by Ni, et. al. [17]. The lateral pressure load takes the relative displacement of both
sides of the pier, converts it to the coefficient of lateral earth pressure and multiplies the
coefficient by the unit weight and the soil depth. The lateral load is applied uniformly
at the piers.
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4 Analysis Results

4.1 Safety Assessment of Kromme Nieuwegracht Wharf Cellar System Under
BM3 Load

tension
slip
mixed

Fig. 8. Damage state of the wharf cellar model after 100% application of BM3 load

The quasi-static analysis for load model BM3 managed to reach 100% application
of the load with minimal damage. The damage state of the wharf cellar model after
100% application of BM3 load is shown in Fig. 8. The damage started with tensile
separation on the interfaces between the vertically (orange-coloured) and horizontally
(green-coloured) stacked units, specifically at the region close to the piers before the
100% application of the load. As the analysis underwent the 100% load application, the
separation of the bed joints at the centre of the middle arch occurred, which is consistent
with the findings from the investigation that there was crack formation on the cellar vault
perpendicular to the direction of travel. Note that the damage state in 3DEC occurs when
the corresponding strengths (tensile/shear) are exceeded.

The maximum displacements at every load increment of each arch is shown in
Fig. 9a. The maximum displacement is obtained after equilibrium is reached at the end
of each load increment. It can be seen that even after 100% application of BM3 load,
the displacement response of the cellar system under traffic load and dead load is linear.
It is also important to note that the sudden change of stiffness occurred due to the fact
that the backfill load application stage was also included in Fig. 9a (until the total load
reached 13.3kN). Meanwhile, the joint normal displacement vectors at the middle arch
of the wharf cellar model is presented in Fig. 9b. Even though the normal displacement
is relatively small, the separation between the pier and arch has occurred since the tensile
damage state has been recorded.
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Fig. 9. (a) vertical displacement vs total applied force and (b) normal displacement vector at
middle arch of the wharf cellar model

The calculated displacement requirement in accordance with NEN 9997-1:2016
is found to be 0.032 m. Comparing the required displacement against the maximum
observed displacement from the numerical analysis, it can be concluded that the wharf
cellar structure in Kromme Nieuwegracht is compliant under the BM3 load model of
the NEN-EN 1991-2/NB Dutch guideline when the heaviest axle load is applied at
the crown height of the middle arch. Note that different positions and load scenarios
are beyond the scope of the present paper, but will be considered as part of the future
work of this research. Validation of the cellar model against the site inspection results or
other numerical methods such as limit state analysis or finite element analysis are also
envisioned.

4.2 Failure Load and Failure Mechanism of Kromme Nieuwegracht Wharf Cellar
Model

After the compliancy of BM3 load model in accordance to NEN-EN 1991-2/NB is
confirmed, the next step is to find the failure load and the governing failure mechanism.
Considering the same loading position as specified in Sect. 4.1, the load is increased
beyond the full application of BM3 until failure occurs. Failure occurs when the observed
displacement keeps on increasing to infinity. It is observed that there is a significant
capacity until failure occurs at the cellar system.

The damage state of the wharf cellar model at failure load is presented in Fig. 10. It
can be seen that the initial separation between vertically and horizontally stacked units
were more apparent at failure where separations extended from the springing level up
to the highest point of the pier that was in contact with the arch units (Fig. 10a and
Fig. 10b). Furthermore, the damage mechanism also changed between the left side and
right side arch as it extended towards the crown of each arch. Sliding failure between
the vertical and horizontal units was observed on the left arch, while separation failure
was found on the interfaces between the arch units of the right arch. Combined sliding-
separation failure was also found between the bed joints of the horizontal units on the
right-side arch. A similar damage pattern was observed at the middle arch (Fig. 10c)
where separation failure at the interfaces of the arch units are continuous from one side
of the pier to another. Sliding-separation failure was found towards the depth of the cellar
at the area where the traffic load was applied.
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(b)

tension

slip

mixed
(c)

Fig. 10. Damage state of the wharf cellar under failure load condition at (a) left arch, (b) right
arch, and (c) middle arch

The maximum displacement versus the total applied force until failure is presented
in Fig. 11a. It is evident that until the onset of the failure load, the displacement response
on all arches is relatively stable and as failure occurs the displacement increases signif-
icantly. On the middle arch where the heaviest axle load was applied, the displacement
response at failure reached —13.85 mm while the displacement at the left arch, where the
second axle load was applied, reached —4.78 mm. Due to severe downward movement at
the left and middle arches, the right arch experienced extreme uplift where the maximum
displacement response reached 18.81 mm. This shows that the failure mechanism of the
cellar system involves more than one cellar span. Note that the displacements were taken
at the extrados of each arch.

To compare with the joint displacement vector plot shown in Fig. 9b, the joint normal
displacement vectors of the middle arch at failure are presented in Fig. 11b. It is evident
that the separation has extended both ways towards the springing level and towards the
crown of the middle arch. Furthermore, the joint normal displacement at regions close
to the right pier has reached a maximum value of 3.5 mm. The crack opening at the
intrados of the arch close to the crown was also relatively large at 2.5 mm. Although no
further inspection was conducted to measure the separation at the inside of the cellar,
cracks perpendicular to the traffic direction at the middle wharf cellar was observed
according to the Appendix A of the investigation report. Note that separations at the
arch skewbacks were also found albeit small.
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Fig. 11. (a) vertical displacement vs force increment and (b) normal displacement vector of the
middle arch at failure

Fig. 12. Deformed shape of the wharf cellar model at failure load (magnified 10x)

The deformed shape of the wharf cellar is shown in Fig. 12 (magnified by a factor of
10) while the original shape is presented in a transparent shade of blue. Similar to what
has been pointed out from the previous figures, a crack opening at the intrados closer
to the crown of the middle arch was observed, while cracking at both the right and left
side piers was also clearly shown. Rotation of the right side piers and separations at the
right side arch skewbacks were found which was caused by the extreme uplift of the
right side arch. In conclusion, the failure load and mechanism of the cellar system is
simulated well where the spread of damage and displacement response at the onset of
failure is clearly shown.

Note that similar to the numerical model in the investigation report, the loosely
packed sand was assumed to be pre-loaded, hence no soft soil mechanism occurred
at the cellar system which would have caused differential settlements at the piers of
the cellar system which could cause a significantly different failure mechanism. It is
also important to set a disclaimer that there are many simplifications considered in the
numerical model such as the same crown height on each arches, the Boussinesq load
dispersion, the blocky piers, and many more. Further calibrations of the numerical model
with experimental tests are still needed and will be considered as the future work of this

paper.
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S Conclusions

In this study, a micro-modelling approach for the safety assessment of an existing
masonry wharf cellar system located in the Kromme Nieuwegracht canal in the city
of Utrecht is introduced. A fast and robust geometry generation framework is created
using Rhino + Grasshopper. The blocks are then imported to 3DEC for the numerical
analysis. Rigid block formulation is used where all deformations and system nonlin-
earities are lumped at the contacts between blocks. Backfill soil load is applied as a
distributed dead load while the traffic load is applied as a dispersed load to the cellar’s
arch units according to the Boussinesq theory. The traffic load model in accordance with
special emergency vehicle specified in the Dutch guideline is assessed for the wharf
cellar structure. The heaviest axle of the traffic load model is applied at the crown of the
middle arch while the second axle load is applied 4.2 m to the left side of the heaviest
axle load.

The analysis results show that under the considered traffic load of the Dutch guideline
for traffic loads in bridges, the deformation of the cellar system is overall still within the
specified limit despite damage occurring at the intrados of the vault and the arch units
close to the pier. The displacement response is also still relatively linear. The next task was
to find the failure load and the governing failure mechanism by incrementally increasing
the applied load beyond the full application. Failure was predicted for an ultimate load
significantly larger than the normative load. At failure, the separation between the arch
units was extended to the arch skewbacks on both sides of the middle arch while the
failure mechanism at the crown of the left and right arches were different. The crown
on the left side arch experienced sliding failure while the right side arch experienced a
combination of sliding and separation at the bed joints of the horizontal units.

It is important to note that while this three-dimensional safety assessment framework
can essentially be substituted by a two-dimensional model due to the 2-D load dispersion
model, the intention to introduce the three-dimensional framework in this paper is to
set a starting point of introducing a more sophisticated model where the load dispersion
model is three-dimensional and that the cellar piers are discretized brick-by-brick as part
of the future works. Moreover, the application of different traffic load positions and load
scenarios according to the Dutch guidelines, and the variation of thickness of each arch
in the vault structures will also be considered in order to simulate the actual condition
of the wharf cellar system.
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