<]
TUDelft

Delft University of Technology

Analysis procedures accounting for load redistribution mechanisms in masonry earth
retaining structures under traffic loading

Sharma, Satyadhrik; Longo, Michele; Messali, Francesco

DOI
10.1016/j.engstruct.2024.118420

Publication date
2024

Document Version
Final published version

Published in
Engineering Structures

Citation (APA)

Sharma, S., Longo, M., & Messali, F. (2024). Analysis procedures accounting for load redistribution
mechanisms in masonry earth retaining structures under traffic loading. Engineering Structures, 315, Article
118420. https://doi.org/10.1016/j.engstruct.2024.118420

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.engstruct.2024.118420
https://doi.org/10.1016/j.engstruct.2024.118420

Engineering Structures 315 (2024) 118420

Contents lists available at ScienceDirect

ENGINEERING
| STRUCTURES

Engineering Structures

FI. SEVIER

journal homepage: www.elsevier.com/locate/engstruct

Analysis procedures accounting for load redistribution mechanisms in
masonry earth retaining structures under traffic loading

Satyadhrik Sharma , Michele Longo, Francesco Messali

Department of Materials, Mechanics, Management & Design, Section of Applied Mechanics, Faculty Of Civil Engineering and Geosciences, Delft University of Technology
(TU Delft), Stevinweg 1, 2628 CN Delft, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Load redistribution
Retaining structures
Historical infrastructure
Traffic loading
Unreinforced masonry
Finite element method

This paper introduces novel analysis procedures for the structural assessment of masonry earth retaining
structures subjected to traffic loading. Given their substantial presence, particularly in transportation networks of
historical cities, and the challenges posed by ageing, deterioration, and exposure to loads beyond their original
design considerations, this research highlights the necessity of accounting for potential load redistribution
mechanisms during their assessment. This can prevent overly conservative interventions that may not be
necessary and also contravene sustainability and heritage preservation principles. Four distinct analysis pro-
cedures — 2D monotonic, 3D monotonic, 3D static moving load and 3D dynamic moving load - are developed,
each progressively more refined than its predecessor in capturing potential load redistribution mechanisms in
masonry earth retaining structures. These mechanisms may develop due to the dynamic loading conditions of the
vehicular passage, the 3D structural configuration of retaining structures, and non-linear material behaviour. By
comparing the structural capacity evaluated using the four procedures, contributions from different sources of
load redistribution can be separately quantified, aiding in the reduction of conservatism inherent in less refined
assessment procedures. The application of the developed procedures and consequent quantification of load
redistribution is demonstrated through a case study of an existing masonry retaining structure in Amsterdam, the
Netherlands.

1. Introduction that the actual damage observed in structures is significantly less than

the damage estimated by the recommended procedures. This discrep-

Masonry earth retaining structures form an integral part of global
transportation networks, with a significant presence in several countries
worldwide, including (but not limited to) the Netherlands [1,2], the
United Kingdom [3-5], France [6], the United States [7] and India [8].
Despite their long service life under challenging environmental condi-
tions, many of these structures are still operational and continue to play
a crucial role in maintaining the integrity of transportation networks.
Additionally, while they were originally designed to resist primarily
static loads, dynamic loading imposed on them by vehicle movements is
becoming increasingly relevant due to escalating axle loads of modern
vehicles [9]. This situation leaves their stakeholders with an ageing
inventory of structures which are not only experiencing accelerated
rates of deterioration but are also under greater loading demands.

Design procedures for new retaining structures fall short in assessing
existing structures, as they fail to consider various sources of load
redistribution. Often, this leads to conservative predictions, meaning
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ancy between theoretical calculations and real-world observations tends
to result in overly cautious assessments. Premature interventions,
prompted by conservative yet imprecise predictions, can entail signifi-
cant economic and environmental costs, underscoring the need for more
precise and reliable assessment methods. Such conservatism increases
the likelihood of unnecessary repairs and replacements, thereby
contravening sustainability principles and deviating from the ethos of
minimal intervention - as much as needed, as little as possible’ — which
is crucial for the preservation of heritage structures. Additionally, the
structural assessment of these structures frequently depends also on
qualitative judgments, primarily based on visual inspections or moni-
toring of deformations [10,11]. While practical, this approach may not
yield accurate estimations of the structural health, unless the deforma-
tion limits used to take decisions are grounded in numerical analysis
procedures that comprehensively account for potential load redistribu-
tion sources in masonry earth retaining structures. Surveys [12] have
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also underscored governmental agencies’ concerns over insufficient
infrastructure investment, particularly in adapting to increasing de-
mands. This further underscores the imperative of deploying refined
analysis procedures for more strategic infrastructure investment.

It is widely recognized that analysis procedures unable to capture the
load redistribution mechanisms are inadequate for the assessment of
masonry structures [13], due to the limited tensile strength of masonry.
Consequently, for the safety assessment of existing masonry structures,
the consideration of the gradual evolution of cracking is of paramount
importance. Their load-carrying capacity depends largely on the distri-
bution of stresses within the structure itself. Thus, it is crucial that any
developed analysis procedures adequately account for all the different
sources of load redistribution that can arise. The ability of an analysis
procedure to account for load redistribution depends on both how
structural configuration (including material behaviour) and loading
conditions are modelled [14]. The existing literature offers a multitude
of modelling strategies for the structural analysis of masonry structures
[15]. While these strategies may vary in terms of method and scale of
analysis, the selection of the most appropriate method largely depends
on the specific problem at hand [13]. Many of these strategies can be
applied for the purposes of this paper. Consequently, the main focus of
this section of the paper is to develop analysis procedures which can
appropriately simulate the loading conditions arising on earth retaining
structures due to vehicular traffic on carriageways constructed on top of
their backfill. Such loading primarily consists of pressure that propa-
gates through the backfill onto the retaining structure (Fig. 1).

Traffic loads possess a complex nature and it is hard to establish
general technical principles for design standards. This complexity is also
reflected in the diverse approaches and load values adopted in regula-
tions from various countries [16-19]. Despite this disparity, all codes
assume that loads originating from vehicular traffic on retaining struc-
tures take the form of a time-invariant overload. The transient nature of
loading conditions to which retaining structures are subjected, resulting
from the movement of vehicles, is not taken into account. Consequently,
the load redistribution behaviour that these retaining structures may
exhibit due to variations in loading occurring in both time and space
cannot be evaluated using such approaches. Moreover, the use of 3D
computational models can be time-consuming and, therefore, still un-
common in engineering practice, where 2D numerical models are used.
Such 2D numerical models cannot capture load redistribution along the
length of the structures. Additionally, the non-linear behaviour of ma-
sonry is often neglected in engineering practice: the models adopt
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linear-elastic material constitutive laws, preventing any possibility to
identify load redistribution effects in the structure.

This paper aims to address the shortcomings described above by
introducing analysis procedures specifically designed for masonry earth
retaining structures under traffic loading. It is important to note that
research in this domain has been relatively scarce. Most existing studies
have concentrated on developing analysis procedures for masonry
buildings, particularly under extreme conditions like earthquakes
[20-22] and explosive loading [23-26] rather than for transportation
infrastructure facing less extreme actions such as vehicular traffic. In the
cases where masonry infrastructure has been assessed, the emphasis has
predominantly been on masonry arch bridges under extreme [27-30]
and traffic loading [31-34]. Finally, the analysis of large infrastructure
network systems has urgently driven the development of quick and
expeditious assessment methods, whose predictions are based on
on-field data acquired through various monitoring systems [35,36]. It is
important to note that even these methods benefit from and partly rely
on the outcomes of detailed predictions obtained from high-fidelity
simulations. The proposed paper seeks to contribute to this
under-explored area of research by developing comprehensive ap-
proaches for evaluating the behaviour of masonry earth retaining
structures under traffic loading in Section 2. The developed procedures
are then applied in Section 3 to a historic masonry earth retaining wall in
Amsterdam, the Netherlands, with an in-depth interpretation of the re-
sults obtained. Finally, Section 4 presents the concluding remarks of the
paper.

2. Analysis procedures for masonry earth retaining walls under
traffic-loading

To address the shortcomings highlighted in Section 1, analysis pro-
cedures tailor-made for the structural assessment of masonry earth
retaining structures under traffic loading are developed in this paper.
The authors have already proposed an analysis procedure for conducting
a 3D non-linear dynamic structural assessment of masonry earth
retaining structures under traffic loading in [2]. This analysis procedure
has the potential to independently account for load redistribution
mechanisms arising from the following three sources: 1) dynamic
loading conditions arising from the vehicular passage; 2) 3D structural
configuration of retaining structures; and 3) non-linear material
behaviour. Although advances in numerical simulation tools make the
implementation of such analysis procedures more accessible, it is

(b)

Masonry Retaining Structure -

Backfill

Load due to
vehicular traffic

N

Fig. 1. (a) Vehicular traffic on carriageways constructed on the backfill of masonry retaining walls in Amsterdam, the Netherlands, and (b) schematic showing how
this vehicular traffic creates pressure distributed by the soil on the masonry retaining structure.
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expected that 2D linear-elastic analysis will remain the standard
assessment procedure in practice. Consequently, complementary anal-
ysis procedures are proposed in this paper to separately quantify the
contribution to load redistribution of each of these sources, and conse-
quently to reduce the degree of conservatism that is implicit in less
refined assessment procedures. Each procedure is less refined than the
one described in [2] in one of the aforementioned three aspects. The
considered analysis procedures, including the 3D non-linear dynamic
procedure, can be broadly categorised as moving load (Section 2.1) and
stationary monotonic load (Section 2.2) procedures, which are
explained in more detail in the following sections.

It should be noted that in all the developed analysis procedures, a
two-tier sub-structured modelling approach is adopted, similar to the
methods used for earth retaining structures in [37] and buildings in
[38-43]. In this approach, the system consisting of the masonry
retaining structure and the adjacent soil is divided into two separate
subsystems. The first subsystem, considered in Tier 1, includes the soil
and the pavement impacted by vehicular traffic. The second subsystem,
modelled in Tier 2, comprises solely the masonry earth retaining
structure. This sub-structured approach is adopted for the 3D non-linear
dynamic analysis procedure in [2] to facilitate simulating vehicles
passing over numerical models of lengthy retaining structures, while
avoiding the prohibitively heavy computational burden of explicitly
modelling a 3D soil block in such scenarios. The two-tier approach is
consistently adopted in all complementary procedures developed in this
paper to facilitate an unbiased quantification of the various load redis-
tribution mechanisms mentioned above.

2.1. Moving load procedures

Moving load procedures are designed to simulate the movement of a
vehicle or vehicular traffic along the length of the retaining structure.
This movement exerts pressures on the retaining structures, as illus-
trated in Fig. 1. If the vehicle’s speed is considered while applying the
pressures, a dynamic moving load procedure is used. Alternatively, if the

(a)

Wheel load (P, (1) —>

Direction of movement

Time -

—>

Vehicle Wheel Ad

m
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speed is disregarded, a static moving load procedure can be adopted. By
comparing the structural capacity evaluated using these complementary
procedures, i.e. dynamic vs. static moving load, on the same 3D nu-
merical model, it is possible to quantify the load redistribution that
arises solely from the consideration of dynamic vs. static loading
conditions.

2.1.1. 3D dynamic moving load procedure

The 3D dynamic moving load procedure has been previously intro-
duced by the authors in [2]. For ease of understanding and to facilitate
the discussion made in the following sections, the key features of this
procedure are summarised here. As mentioned earlier, a two-tier
modelling approach is adopted for all analysis procedures in this
paper. In Tier 1, the focus is on the first sub-system, which is analysed
with a 3D solid numerical model, comprising of the soil and road
pavement. The pavement is important because of its ability to distribute
vehicular loads [44]. All elements of this model are assigned
linear-elastic properties. The modelled soil block is selected to be suf-
ficiently large to capture the entire pressure distribution on the retaining
structure resulting from vehicular movement. To simulate the effect of
an infinite medium and prevent wave reflection, absorbing boundary
conditions are applied at the external faces of the soil block [45].

On the Tier 1 model, a dynamic analysis is carried out to simulate the
passage of a vehicle over a limited distance (Ad). This is achieved by
impulsively applying the vehicle’s weight at each wheel’s contact point
with the pavement. This effectively simulates the vehicle’s movement
over Ad, as depicted in Fig. 2a. As the wheel approaches the point of
contact, vertical stresses increase, peaking when the wheel is directly
above it, and then diminishing as the wheel moves away. Each wheel
load is modelled individually, allowing in principle the description of
any vehicular load — defined by axle loads and spacing configurations —
to be considered in Tier 1. In this simulation, the distribution of normal
compressive stresses at the retaining structure’s location is continuously
recorded under the applied vehicular load. A specific point is selected
when the stress distributions on the two surfaces yield the maximum net

(b)
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Fig. 2. Schematic illustrating: (a) the simulation of a wheel’s passage over a limited distance by impulsively applying its load, and (b) the numerical model used and
the recordings obtained from it in Tier 1 (Note: oy represents the distribution of normal compressive stresses on the retaining wall resulting from vehicular traffic

on its backfill).
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compressive force. The stress distributions at this instant determine the
load (owaqn) to be applied in Tier 2. Additionally, the time-history (opzax
vs. time) of the maximum stresses (6p1qy) in owqn is recorded for use in
Tier 2 (Fig. 2b).

In Tier 2, the focus shifts to the second sub-system, comprising the
earth retaining structure that is being assessed. A dynamic analysis is
carried out on a non-linear 3D numerical model to account for load
redistribution mechanisms. Although the soil block is not included in
this model, its impedance is represented through the use of springs or
boundary interface elements. Either the entire length of the retaining
structure can be modelled in Tier 2, or a reduced length can be adopted
based on the findings of a parametric study. This study would investigate
the impact of the model’s length on the displacements exhibited or the
failure mechanism under vehicular loads.

The dynamic movement of the vehicle, considered in Tier 1, is
simulated along the retaining structure by applying the recorded stress
distribution owgy This is done as a series of normal pressure loads,
combined with the time-histories of their maxima, opqy (Fig. 2). These
pressure loads are applied to a sequence of consecutive sections along
the wall, each section being shifted by Ad — the same limited distance
over which the vehicle’s passage was simulated in Tier 1. A time dif-
ference of At, the time required for the vehicle to traverse Ad at the
considered speed, is maintained between load applications on subse-
quent sections. This approach ensures considering both the time-history
of the maximum stresses and the distributions generating the largest
compressive forces on the retaining structure, making the procedure
both simplified and conservative. A schematic detailing this procedure
as the vehicle moves across 2 x Ad sections from Fig. 3a to Fig. 3d is
provided.

2.1.2. 3D static moving load procedure
This complementary analysis procedure is performed to separately
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quantify the load redistribution contribution arising from the dynamic
vs. static application of traffic loads. To isolate this contribution, the
applied traffic load in this procedure must also simulate the passage of a
vehicle along the length of the retaining structure, similar to the 3D
dynamic moving load procedure. However, for traffic loads to be applied
statically, the vehicle must be assumed to be travelling along the length
of the structure at an infinitely slow rate i.e. under a static hypothesis.
This requires modifications to both tiers of the two-tiered sub-structured
approach. In Tier 1, the weight of the vehicle is no longer applied
impulsively, rather statically. Consequently, the stress distribution on
the retaining structure needs to be recorded when the complete weight
of the vehicle has been applied. In Tier 2, the zero speed of the vehicle
causes At to become infinitely long. Consequently, the retaining struc-
ture is subjected to a single oWy stress distribution at any given instant
as the vehicle travels along it. To achieve this result, the oyqy distribu-
tion associated with the subsequent Ad segment is applied only after the
retaining structure has been completely unloaded from the stress dis-
tributions associated with the preceding Ad segment. The schematic
provided in Fig. 4 details this procedure through four different stages of
a 3D static moving load analysis, highlighting its difference from the
analogous procedure adopted for the 3D dynamic moving load proced-
ure depicted in Fig. 3. As the analysis procedure is static, there is no
effect of the rate at which the retaining structure is loaded or unloaded,
i.e. the shape of o4y vs. load step in Fig. 4 (which controls the amplitude
of owqy at any load step in the analysis) does not have any effect on the
results of the procedure.

Both dynamic and static moving load procedures are readily appli-
cable for serviceability limit state verifications. However, to evaluate the
load-carrying capacity of the retaining structure at the ultimate limit
state, a single vehicle passage may not suffice. For such evaluations,
incremental analyses similar to Incremental Dynamic Analysis [46],
which is commonly used for structures under seismic loading, can be

t=ty N (b)
s oolD
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Oyt (Ad;;) oo Vehicular load ----» Movement direction

Fig. 3. Schematic illustration of how recordings from Tier 1 are applied in Tier 2 to the retaining structure in the 3D dynamic moving load procedure: (a) the vehicle
is approaching segment Ad;; (b) the vehicle is in the middle of segment Ad; and approaching segment Ad; , ;; (c) the vehicle is receding from segment Ad; and is in the
middle of segment Ad;, ; and (d) the vehicle is receding from segment Ad;,; (Note: owqy represents the distribution of normal compressive stresses on the retaining

wall resulting from vehicular traffic on its backfill).
Adapted from [2].
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Fig. 4. Schematic illustration of how recordings from Tier 1 are applied in Tier 2 to the retaining structure in the 3D static moving load procedure (a) the vehicle is
approaching segment Ad;; (b) the vehicle is in the middle of segment Ad;; (c) the vehicle is receding from segment Ad; and (d) the vehicle is approaching segment
Ad; 1(Note: owqy represents the distribution of normal compressive stresses on the retaining wall resulting from vehicular traffic on its backfill).

implemented. These analyses progressively increase the load associated
with the vehicle’s passage to assess the structural capacity of the
retaining structure. Within the proposed methodology, this escalation
entails scaling up the owqy recordings from the Tier 1 model, which is
performed on a linear elastic numerical model, by multiplying them
with a scalar Load Multiplier (LM). In each analysis corresponding to a
specific LM, the wall is initially considered undamaged, then subjected
to the passage of a vehicle with a weight scaled up by the factor of the
Load Multiplier. A demonstration of incremental analyses using the
moving load procedures is provided in Section 3.2.2.

2.2. Stationary monotonic load procedures

The second category of analysis procedures for the assessment of
earth retaining structures under traffic loading are stationary monotonic
load procedures. Unlike moving load procedures, these analysis pro-
cedures do not simulate the movement of the vehicle. The vehicle is
instead assumed to be stationary and its weight is gradually and
monotonically increased to evaluate the structural capacity of the
retaining structure. Depending on whether the assessment is carried out
in Tier 2 on a 3D numerical model or a 2D numerical model, either 3D or
2D monotonic procedures are proposed. Non-linear models are adopted
in both cases for Tier 2. By comparing the structural capacities evaluated
using these complementary procedures, it is possible to quantify the load
redistribution that arises solely from the consideration of a 3D structural
configuration of retaining structures. As both procedures are also static,
the same Tier 1 analysis used for the 3D static moving load procedure
can be used, i.e. the weight of the vehicle is applied statically to the Tier
1 model and the stress distribution on the retaining structure is recorded
when the complete weight of the vehicle has been applied.

2.2.1. 3D monotonic load procedure

For the 3D monotonic load procedure, the analyses are performed
using a 3D numerical model in Tier 2. As the movement of the vehicle is
not considered, a single owg recordings obtained from the Tier 1

analysis can be directly applied to this model. To evaluate the structure’s
load-carrying capacity at the ultimate state, this owgy recording is
monotonically increased by multiplying it with a scalar Load Multiplier
(LM) (Fig. 5a). It should be noted that despite using the same Tier 1
analysis and even the same 3D numerical model in Tier 2, the load-
carrying capacities evaluated using the 3D monotonic load and the 3D
moving load procedures, adopting an incremental analysis procedure,
cannot be directly compared. This is because they simulate different
physical scenarios, i.e. the 3D monotonic load procedure does not
consider the movement of the vehicle.

2.2.2. 2D monotonic load procedure

For the 2D monotonic load procedure, each analysis is performed
using a 2D numerical model in Tier 2. This approach is currently the
standard assessment tools adopted in engineering practice, which is
expected not to change in the near future. Typically, the model is
assigned a limited depth, usually of unit length (i.e. 1 m) or, for masonry
earth retaining structures supported on pile foundations, to the longi-
tudinal axial spacing between rows of piles, as it will be assumed in
Section 3.

Consequently, unlike in the 3D monotonic load procedure, the oyq;
recordings from the Tier 1 analysis cannot be directly applied to the 2D
model, as these recordings correspond to stresses distributed over a
length AL, much longer than the depth of the sectional models. Addi-
tionally, by their very nature 2D sectional models apply stresses varying
only over the height of the retaining structure. To avoid bias from the 3D
structure’s configuration, multiple 2D analyses are required, differing
only in the owygy distribution vs. the height, extracted from the Tier 1
analysis at various locations along AL (Fig. 5b). Theoretically, a very
large number of 2D monotonic analyses can be conducted by picking up
the 2D owqy vs. height distributions (for example, o2p ; and o62p i1n in
Fig. 5b) at any point along 3D oy In practice, guided by sound engi-
neering judgement, this number can be pragmatically limited to a
reasonable number of oy vs. height distributions. Furthermore, by
comparing the structural capacities from both the 3D and 2D monotonic
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(b)
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Fig. 5. Schematic explaining how recordings of tier 1 are applied in tier 2 to the retaining structure in the (a) 3D and (b) 2D monotonic load procedures (Note: oyau
represents the distribution of normal compressive stresses on the retaining wall resulting from vehicular traffic on its backfill).

load procedures, quantification of load redistribution due to the 3D
nature of retaining structures can be calculated. However, since multiple
2D analyses are performed, this quantification does not result in a single
value but rather in a range, determined by the analyses yielding the
lowest and highest structural capacities in the 2D monotonic load
procedure.

2.3. Analytical alternatives to Tier 1 for predicting stress distribution on
earth-retaining structures

With the exception of the 3D dynamic moving load procedure, Tier 1
can be replaced by analytical formulations to enhance computational

efficiency. However, it should be noted that such formulations cannot
account for boundary non-linearities that can be easily considered in the
numerical simulations of Tier 1. Several works, including but not limited
to [44,47-49], discuss closed-form analytical formulations for esti-
mating stresses within a soil body. Notably, these works build upon the
contributions of Boussinesq [50], who analyzed the stress distribution
within an elastic isotropic infinite half-space under a point load. Similar
to the numerical models utilized for Tier 1, the wheels of vehicles can be
idealized as concentrated loads acting at their point of contact with the
pavement. The horizontal normal stress gy (¥,2), computed at any point
on the retaining structure and at a distance x from the point load Q
(Fig. 6) can be calculated as per Eq. la as per Frazee [49], where v

q.(02)

q.(x.y)

Fig. 6. Coordinate system adopted for the formulae provided in Eq. 1a and Eq. 1b for calculating horizontal and vertical stresses acting normally to the earth
retaining structure due to the concentrated load Q (schematic for illustrative purposes).
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represents the Poisson’s ratio of the soil. If horizontal structural com-
ponents, such as timber floors, are present in the retaining structure,
vertical normal stresses arising due to vehicular traffic are also
computed. The vertical stress g, (x,y) on horizontal components of the
retaining structure, computed at a distance z from the point load Q, can
be calculated as per Eq. 1b:

2 p—
qx(y,z) = W7Q 3x°z - 1-2v
2 |2 pyr p 2 (CHY 4P 42/ LY 4R
(1a)
3Q 8 3@, , ns
qv(x7J’) :ﬂﬁ:?(x +_}'2 + 2 ) (1b)

The stress distributions computed via these formulations are
compared to their counterparts evaluated through finite element simu-
lations in Section 3 for the 3D monotonic load procedure, where the
developed analysis procedures are applied to a case study.

3. Application of the developed procedures: masonry earth
retaining structure

The analysis procedures developed in the preceding sections have
been applied to a masonry earth retaining structure, namely a quay wall,
in Amsterdam, the Netherlands. Quay walls, engineered to stabilize
shorelines, accommodate ships, and protect against water ingress, are a
defining feature of the Netherlands’ landscape. They are crucial ele-
ments of the road transportation networks of numerous historic cities,
lining the intricate network of canals that are a part of the unique urban
fabric and water management system of the country. Additionally, in a
country where a significant portion of the land lies below sea level and
faces the risk of riverine flooding [51], quay walls play a vital role in
preventing urban inundation. These structures have endured varying
degrees of damage throughout their life due to foundation failure, ma-
terial aging and deterioration, lack of adequate maintenance, and,
notably, overloading. Originally designed as gravity retaining walls, the
quays are now continuously exposed to dynamic vehicular loads — both
different in nature and more significant in magnitude than the loads they
were initially designed to withstand. Consequently, the structural
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capacity of hundreds of kilometres of quay walls is a subject of concern,
as evidenced by several instances of severe damage [52] and even
collapse [53].

The procedures are specifically applied to the Marnixkade quay in
Amsterdam, the same case study adopted in the authors’ previous work
[2]. This quay features a masonry gravity retaining wall supported by a
timber floor and timber piles, interspersed with timber beams (kespen)
placed between the floor and the foundation piles. Both the wall and the
floor are subjected to loading originated by vehicular traffic loads and
propagated through the soil. The clay brick masonry wall is on average
0.65 m thick and 1.40 m high. A capstone is placed on top of the wall.
Inspections [54] have revealed that the quay, particularly its substruc-
ture, has suffered damage over time from environmental factors,
diminishing the timber components’ dimensions. According to the
original plans and the dimensions used in this work, the timber floor is
0.07 m thick, and the beams (kespen) have a 0.20 x 0.20 m cross-section
and are 2.4 m long, resting on tapered piles. These piles, with diameters
ranging from 0.20 to 0.26 m at their caps, are organized in three rows
per beam (kesp). The longitudinal spacing varies between 0.90 and
1.20 m, with a consistent transverse spacing of 1.10 m. Each pile tapers
at approximately 9.75 mm/m along its length. The ground level at
Marnixkade is 0.58 m above Normaal Amsterdams Peil (NAP), and the
water level is at — 0.40 m NAP (Fig. 7). NAP denotes the reference plane
for water height in the Netherlands, with 0 m NAP approximating the
North Sea’s average sea level [55]. Cone penetration tests [54] revealed
poor soil conditions, which improve only at the first sand layer, reached
by the pile tips at approximately — 13 m NAP, resulting in each pile’s
length being around 12 m.

3.1. Tier 1 analyses

The Tier 1 numerical model developed to assess the Marnixkade quay
measures approximately 70 m x 28 m x 18 m (I x w x h). It should be
noted that the canal bed geometry on the waterside is reproduced in this
model. These dimensions were chosen to ensure that the model is suf-
ficiently large to capture the entire pressure distribution on the retaining
structure generated by the vehicle during both dynamic and static cal-
culations (Fig. 8a). The vehicle selected for demonstrating the analysis
procedures is a 3-axle, 6-wheeled fire truck used in Amsterdam, the
Netherlands. This fire truck is considered to be travelling at a distance of

0.58 NAP
(@) g (b)
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Backfill
NAP
024 m Timbc‘r Floor Timber Piles = it
| -(;.40 NAP i 140m  Backfill
110 m Water
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JIg— I 240m g
0.20 m '\Capslone
*| Y
Timber Beams
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Water
v

Fig. 7. Geometry of the case-study masonry earth retaining structure, Marnixkade in Amsterdam, the Netherlands: (a) plan view and (b) transversal cross-section.

Adapted from [2], based on data in [54].
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Fig. 8. (a) Numerical model adopted for Tier 1 to demonstrate the developed analysis procedures, (b) axle and wheel load configuration of the fire truck considered
as the vehicular load, and (c) close-up of how this vehicular load is applied to the Tier 1 numerical model.

4 m from the quay wall, measured from the inner edge of the masonry
quay to the longitudinal central axis of the vehicle. Absorbing boundary
conditions [45] are implemented on the external faces of the soil block
to simulate the effects of an infinite medium and prevent the reflection
of outward waves in the dynamic calculations, except on the waterfront
where the wall meets the water. The model also includes a stiffer layer
representing the carriageway’s paving over which the vehicle travels.
Linear-elastic properties are assigned to all model elements. These
properties correspond to the compacted sand typically used in Amster-
dam for the backfill of quays, with values of 1800 kg/m? for material
density, 50 MPa for Young’s modulus, and 0.35 for Poisson’s ratio.
Saturated sand is assigned a higher material density of 2000 kg/m?® . For
the pavement, values of 2000 kg/m?® for material density, 2000 MPa for
Young’s modulus, and 0.25 for Poisson’s ratio are used.

For Tier 1 of the 3D dynamic moving load procedure, the movement
of the fire truck over a limited distance Ad is simulated by impulsively
applying the vehicle’s weight through each of its six wheels simulta-
neously (Section 2.1.1). This demonstration adopts a haversine impulse,
shaped to align with the experimental readings reported by Loulizi et al.
[56], which were obtained from an instrumented pavement during a
loaded moving truck’s traversal over a pressure cell with a speed of 30
km/h, which is also the speed limit in Marnixkade. Consequently, the
selected value Ad is consistent with the diameter of the circular pressure
cells used in Loulizi et al.’s study. As described in Section 2.1.1, the Tier
1 simulation records the normal compressive stress generated by
vehicular traffic on surfaces at the positions of both the wall and the
floor. owqy (and correspondingly, 65j00r) is recorded at the moment when
the net compressive force (Fy), derived by integrating the stress distri-
butions on these surfaces, reaches its peak in the dynamic simulation.
This net force is computed by summing the stress values across the en-
tirety of the structure’s surface area, with each stress value representing
the force per unit area. This summation, multiplied by the differential
area element, yields the total force exerted on the structure. In this
demonstration, the net compressive forces on the wall and the floor peak
occur concurrently. The time-history of the maximum stresses in oyqy
(and oF00r) is also documented. The procedure for Tier 1 of the static
analysis procedures, is considerably more straightforward. Here, the
vehicle’s weight is applied statically through each wheel. gy and opoor
is recorded once the vehicle’s weight is fully applied. The analytical

formulation presented in Section 2.3 is also employed to compute owqi
and o, for the static analysis procedures. For a 3-axle 6-wheeled fire
truck, owqy is calculated using this formulation through the linear su-
perposition of the stress distribution caused by each of the 6 wheels, as
per Eq. 1a and Eq. 1b. The net compressive forces (Fy) and the max
compressive stress corresponding to these different evaluations of oy,
i.e., numerical dynamic, numerical static, and analytical static, are also
reported in Fig. 9.

Fig. 9 clearly demonstrates that the owygy distribution shape is
consistent across all three evaluations. In every instance, the maximum
compressive stress (opy) is observed at the base of the wall, centrally
along its length. At the base of the wall, oy reaches its maximum, with
both the magnitude and the extent of the stress distribution decreasing
towards the top. At the upper sections, the wall experiences tensile
stresses due to the of the linear-elastic behaviour of the Tier 1 model,
which are unlikely to be transferred through the soil to the retaining
structure. Therefore, all tensile stresses identified within the oy dis-
tributions are excluded from the Tier 2 analysis. The wall experiences
the highest net compressive force (Fy) in the numerical dynamic simu-
lation (Fig. 9a). In the comparison between numerical static (Fig. 9b)
and analytical static (Fig. 9c) Tier 1 calculations, the numerical
approach yields higher net compressive stresses. This difference pre-
sumably stems from how boundaries are treated in the two evaluations.
Specifically, in the analytical Tier 1 calculation, the soil is considered an
infinite medium, implying the presence of soil on the water-facing side
of the quay, which remains free/unrestrained in the numerical model
used for Tier 1 calculations (Fig. 8). Each of these oy distributions are
used to simulate the effect of traffic loads in the Tier 2 numerical model
of Marnixkade described in the following section.

3.2. Tier 2 analyses

3.2.1. Numerical models

The Tier 2 numerical model developed to assess the Marnixkade quay
has the same sectional dimensions as those depicted in Fig. 7. Though
the quay is almost 350 m long, only 30 m (L in Fig. 10a) of the quay is
modelled in this numerical model. This length is larger than AL and is
based on a sensitivity study which analysed the effect of the length of the
numerical model on the displacements of the quay. In-plane restraints
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Fig. 9. owq distributions from (a) numerical dynamic, (b) numerical static and (c) analytical static Tier 1 evaluations.
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Fig. 10. Numerical model adopted for Tier 2 in the developed analysis procedures: (a) general isometric view; (b) transversal cross-section highlighting different

interface elements; (c) close-up of the general isometric view.
Reproduced from [2].

are applied as boundary conditions to simulate the confinement pro-
vided by the adjacent portions of the quay not considered in this model
(Fig. 10a).

Fig. 7 shows that Marnixkade combines masonry and timber con-
structions. The masonry is simulated with twenty-node isoparametric
quadratic solid elements, employing an isotropic material model for
both non-linear tensile and compressive behaviors in principal di-
rections, known as the Total Strain Rotating Crack model (TSRCM,
[571). Despite masonry’s orthotropic nature, the TSRCM is selected over
other isotropic and orthotropic material models [58] due to uncertainty
regarding the bond pattern within the wall’s 0.65 m thickness. The
cracking behavior is quantified for this material model by fracture en-
ergy, a parameter represented by the area under the stress-strain curve,
with tensile stresses reducing linearly and compression initially hard-
ening and then softening along a parabolic curve. Timber components
are modeled as linear-elastic, with failure assessed indirectly in
post-processing by comparing developed stresses against predefined
material strengths for various failure modes. The timber floor is

represented by eight-node quadratic curved shell elements, and kespen
and piles by three-node class III beam elements. Pile tapering is repre-
sented by segmenting the beam elements into five parts, each with
progressively reduced diameters. For the 2D monotonic procedure, 2D
plane stress conditions are assumed. A thickness of 1.1 m, corresponding
to the longitudinal distance between adjacent piles, is selected for the
cross-section of the wall and timber floor. These components are
modelled using 8-node quadratic plane stress elements. Unlike the wall
and floor, the kesp retains its precise cross-sectional dimensions (i.e., it is
not assigned a thickness of 1.1 m) and is modelled with beam elements.
Similarly, the three wooden piles within the considered 1.1 m section
are represented using beam elements, factoring in the spacing between
adjacent piles. Composed line elements [57] are used to record the re-
action forces in the masonry wall under traffic loading for both 3D and
2D numerical models. These elements store reaction forces by inte-
grating internal forces within the model’s elements across their assigned
volumes. In the 2D model, a single composed element records the re-
action forces across a 1.1 m thick modelled masonry wall. For the 3D
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numerical model, reaction forces are recorded along the wall’s entire
length and for individual 1.1 m sections, aiding in the comparison of
structural capacities assessed using 3D and 2D monotonic load methods,
as detailed in Section 3.2.3.

The interaction among the quay’s structural elements is also
modelled. A non-linear interface element represents the mortar joint
between the masonry wall and the timber floor, allowing for the simu-
lation of flexural opening and shear sliding (kyaifloor in Fig. 10b). This
element’s stiffness follows Lourenco’s [59] guidelines. The timber
floor’s connection to the kespen is considered fixed, whereas the kes-
pen-to-pile connection, which is a mortise and tenon joint, is represented
using a spring with a rotational stiffness of 4E4+-08 N-mm/rad [60] (kpie,
kesp in Fig. 10b) The Tier 2 model does not include soil explicitly.
Consequently, to represent the soil’s presence adjacent to the masonry
wall (ksoiwan in Fig. 10b) and beneath the timber floor (ksoifoor in
Fig. 10b), non-linear boundary interface elements, operative solely
under compression, are employed. The soil’s interaction with the piles is
simulated through linear elastic boundary interface elements approxi-
mating the subgrade reaction (kj and k, in Fig. 10b), estimated using
Vesi¢’s [61] methodologies for timber piles. Moreover, the soil’s contact
at the timber pile tips is modelled with non-linear, no-tension boundary
point elements (kp in Fig. 10b).

Material properties for masonry are sourced from NPR9998 [62], the
seismic assessment guidelines developed in recent years in the
Netherlands. This study specifically adopts properties for clay brick
masonry constructed before 1945, as detailed in [62]. These values are
based on experimental evaluations of material properties of existing
Dutch unreinforced masonry buildings, thereby implicitly accounting
for potential correlations between different material properties of the
same material. However, it is important to note an ongoing experimental
campaign that is focusing on the mechanical characterisation of ma-
sonry in Amsterdam’s quays [63]. The tensile and shear strengths of the
mortar joint at the wall-floor (kyaqifioor) junction are assumed to be
equivalent to those of the masonry. Timber piles are classified as C24
grade according to [54], with their material properties obtained from
Eurocode 5 [64]. The soil material properties used to calculate the
stiffness of springs (ksoit,watl Ksoit,floor> khs kv, and kp), simulating the soil’s
influence in Tier 2, are derived from Cone Penetration Tests (CPTs)
performed at Marnixkade [54]. Table 1 compiles all material properties
utilized in the Tier 2 model.

For all simulations, the Secant BFGS (Quasi-Newton) method is
employed as the iterative method. The displacement norm must be
satisfied during the iterative procedure with a tolerance of 1 %. The
Parallel Direct Sparse method is utilised to solve the system of equations.
The line search algorithm, which helps to overcome potential conver-
gence problems in the highly non-linear range, is also adopted. Second-
order effects are considered via the Total Lagrange geometrical
nonlinearity. For the 3D dynamic moving load procedure, a Rayleigh
damping ratio of 2% is used in the calculations based on the

Table 1
Summary of material properties adopted in the Tier 2 numerical model.
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recommendations in NPR 9998 [62], which suggest values between 2 %
and 8 % for masonry and 2 % for timber structures, albeit under seismic
loading. Implicit time step integration using the Hilber Hughes-Taylor
method [65], also known as the a method, is used to perform the dy-
namic analyses, adopting a value for a equal to — 0.1 and a time step of
0.001 s. In addition to traffic loads, static loads applied directly to the
Tier 2 numerical model include the gravity load, which is automatically
calculated by the software based on the density assigned to each mate-
rial, and the dead load due to the weight of the capstone. Soil and water
pressure are also applied horizontally to the wall. The vertical compo-
nents of soil and water pressure are applied to the floor.

3.2.2. Load redistribution due to dynamic vs. static application of traffic
loads

As discussed in Section 2.1, load redistribution due to dynamic vs.
static application of traffic loads is quantified by comparing the struc-
tural capacity of the retaining structure as determined through the 3D
dynamic and 3D static moving load procedures. Fig. 11 illustrates the
evolution of out-of-plane (OOP) displacements of the retaining structure
as the fire truck traverses it dynamically at three moments: (a) as the fire
truck enters and reaches a quarter of the structure’s length (L/4), (b)
when positioned at the midpoint (L/2), and (c) as the fire truck ap-
proaches the three-quarters mark (3 L/4) towards exit. Limited de-
formations are observed, and the wall is observed to have sustained no
damage based on the monitored strains, which do not exceed the
threshold required for cracking. To evaluate the structure’s load-bearing
capacity, incremental analyses are performed, incrementing the fire
truck’s weight, effectively scaling up the stresses represented by owa
and oppor Using monotonically increasing Load Multiplier (LM) values.
OOP displacements and crack widths for different values of LM in these
simulations are reported in Fig. 12 to Fig. 14.

In the performed incremental analyses, the retaining structure dis-
plays a seemingly linear elastic response up to LM value of 5 (Fig. 15a).
Even at an LM of 10, the maximum out-of-plane (OOP) displacements
are restricted to approximately 14 mm. Diagonal cracking is observed in
the masonry wall as the truck traverses, albeit with limited crack width
(Fig. 12). A particularly interesting observation is the ability of some of
the cracks to close once the truck has moved beyond. This is observed by
comparing the extent and width of cracks between Fig. 12b and Fig. 12c.
This phenomenon can be attributed to load redistribution due to the
consideration of dynamic loading conditions, which facilitates crack
closure as the stress state transitions from tensile to compressive. At an
LM of 20, as the truck enters the retaining structure, the wall experiences
extensive cracking, with crack widths and OOP displacements signifi-
cant enough to indicate a potential collapse. Contrary to the outcomes at
LM =10, the cracks formed remain open post-traversal, extending
through the wall’s entire thickness, and a pronounced flexural crack
near the base suggests the wall’s imminent overturning (Fig. 13) For
higher load multipliers, such as at LM = 22, the wall exhibits similarly

Masonry Timber Interface Stiffness
Property Unit Value Value Property Direction Unit Value
Young’s modulus MPa 5000 11000 Ksoit, watt Normal N/mm® 0.027
Poisson’s ratio - 0.25 0.35 Tangential N/mm3 0.022
Density Kg/m> 1950 420 Ksoi floor Normal N/mm?® 0.027
Tensile strength MPa 0.1 Tangential N/mm?® 0.022
Fracture energy in tension N/mm 0.01 kn* Horizontal “* N/mm3 0.004
to 0.008
Compressive strength MPa 8.5 ky* Vertical** N/mm? 1.678E-08 to 3.36E-07
Fracture energy in compression N/mm 20 keip Normal N/mm?® 0.415
Kuwatl foor Normal N/mm? 39.957
Tangential N/mm?® 105.344
Kpite,kesp Rotational N-mm/rad 4 x 108

* Varies along the depth of the pile, range of values is provided
" Refers to the direction of component of subgrade reaction

10
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Fig. 11. Out-of-plane displacements of the retaining structure during the passage of the fire-truck (LM = 1) at different instants: truck at (a) L/4; (b) L/2 and (c) 3 L/
4. adopting the 3D dynamic moving load procedure (Deformation scale factor = 5000).
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Fig. 12. Principal crack widths of the retaining structure during the passage of the fire-truck (LM = 10) at different instants: truck at (a) L/4; (b) L/2 and (c) 3 L/4.
adopting the 3D dynamic moving load procedure (Deformation scale factor = 100).
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Fig. 13. Principal crack widths of the retaining structure during the passage of the fire-truck (LM = 20) at different instants: truck at (a) L/4; (b) L/2 and (c) 3 L/4.
adopting the 3D dynamic moving load procedure (Deformation scale factor = 10).

extensive cracking as observed at LM = 20, albeit with increased crack and crack widths (Fig. 14a). Increasing the LM value to 28 results in
widths and OOP displacements. Additionally, at these higher LM values, failure occurring at the truck’s entrance to the vicinity of the structure
a significant portion of the timber sub-structure begins to display stress (Fig. 14b). However, the peak reaction force sustained by the wall re-
levels surpassing their predefined strength limits [64]. mains consistent with that observed at LM = 26 indicating that the
The described load redistribution is not observed in the incremental failure mechanism is force-controlled (Fig. 15a).
analyses performed with the 3D static moving load procedure. The The enhanced structural capacity of the retaining structure is due to
retaining structure exhibits seemingly linear elastic behaviour until a LM load redistribution under dynamic loading conditions. This is demon-
value of 24. However, at LM = 26, a sudden shift is noted, with the strated by its ability to withstand higher reaction forces with hardening
retaining structure displaying behaviours indicative of imminent behaviour for increasing values of LM, as clearly illustrated by the curves
collapse. As the fire truck exits the retaining structure, local overturning depicting wall reaction force vs. displacement. These curves, presented
of a segment of the wall is evidenced by significant OOP displacements in Fig. 15a, are derived from both the static and dynamic moving load

11
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Fig. 14. Failure mechanism in terms of out-of-plane displacements and principal crack widths of the retaining structure during the passage of the fire-truck (a) LM
= 26 and (b) LM = 28 adopting the 3D static moving load procedure (Deformation scale factor = 10).
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Fig. 15. Comparison between 3D dynamic and static moving load procedures of (a) maximum wall reaction force vs. maximum out-of-plane displacement curves and
(b) reaction forces developed in the wall when a fire-truck (LM = 1) traverses along the retaining structure plotted against step #.

simulations, highlighting the significant impact of accounting for dy-
namic loading. In these graphs, the peak reaction forces noted in the
masonry wall for a specific LM value are plotted against the maximal
OOP displacement recorded in the corresponding analysis. Additionally,
the peak reaction force is normalised with respect to the length of the
retaining structure, L = 30 m. It also becomes evident from Fig. 15a that
the retaining structure encounters significantly higher forces when
subjected to the same traffic load, i.e. the same value of LM, if this load is
applied dynamically rather than statically. This is because the 3D static
moving load assessment procedure simulates the truck’s transit along
the retaining structure assuming an infinitely slow velocity. As a result,
the time At needed for the truck to traverse the segmental distance Ad is
infinitely prolonged. Consequently, the structure is exposed to only a
single owqy stress distribution at any given step as the vehicle moves
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across it. In contrast, the 3D dynamic moving load procedure entails
multiple owgy distributions acting concurrently, with the number of
simultaneous distributions reliant on At and also the time span during
which opqy reduces to zero. This is evident from Fig. 15b which depicts
the reaction forces generated in the wall (again normalised with respect
to the length of the retaining structure) as the fire truck (LM = 1) tra-
verses along it, when the retaining structure behaves elastically in both
assessment procedures. The observed plateau in reaction forces across
both procedures in Fig. 15b corresponds to the phase where the entire
truck traverses along the structure. The periods of increasing or
decreasing forces indicate the vehicle’s entry into or exit from the im-
mediate vicinity of the modelled segment of the retaining structure.
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3.2.3. Load redistribution due to 3D vs. 2D numerical modelling

As discussed in Section 2.2, the spatial load redistribution related to
the three-dimensional modelling of the earth retaining structure is
quantified by comparing the structural capacity as determined through
both the 3D and 2D monotonic load procedures. The force-displacement
capacity curve obtained from the 3D monotonic load procedure is
illustrated in Fig. 16. The forces represent the total reaction that the wall
sustains normalized by the length of the wall, while the displacements
are the maximum out-of-plane displacement measured across the wall at
each load step. To monitor the load redistribution mechanisms attrib-
utable to the 3D configuration of the retaining structure, the reaction
forces sustained by consecutive, individual 1.1 m sections of the wall are
tracked in Fig. 17 and Fig. 18. This allows for a comprehensive analysis
of the evolution of the reaction forces along the length of the wall,
particularly in relation to the occurrence of cracking within the ma-
sonry, when the LM values (and, consequently, the owq and orpor
stresses) are progressively increased. The total wall reaction force
plotted in Fig. 16 can also be derived by simply summing up the con-
tributions from all the individual 1.1 m sections and then dividing it by
the wall length. The owqy stress distribution calculated in Tier 1 using
the analytical formulation (i.e. Fig. 9¢), as detailed in Section 2.3, is also
utilised to conduct a comparison of the outcomes of the 3D monotonic
load procedure when numerical- and analytical-based stress distribu-
tions are considered. The normalized wall reaction force vs. displace-
ment curve is illustrated for both the cases in Fig. 16. Despite the relative
simplicity and lower computational cost of determining owgy through
the analytical formulation compared to its numerical evaluation, the
structural capacity and the force-displacement curve as well as the
failure mechanism, derived from both analytical and numerical assess-
ments of oy, demonstrate noteworthy concordance.

As evident from the force-displacement curves presented in Fig. 16,
the wall demonstrates elastic behaviour up to a LM value of 52.4.
Consistently, no cracking occurs up to this same LM, as illustrated in
Fig. 17b. Furthermore, the reaction forces sustained by the individual
1.1 m sections of the wall mirror the shape of the oy profile, main-
taining a linear relationship with LM for values up to and including 52.4.
While sub-horizontal cracking is also observed towards the base of the
central portion of the wall, these cracks do not penetrate the entire
thickness of the wall and exhibit limited widths on the water-facing side
of the retaining structure. For increasing loads, while the total reaction
force sustained by the wall continues to increase, such increment is
accompanied by a reduction in stiffness due the described cracking
(Fig. 16). At an LM value of 52.6, it is observed that the reaction forces
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sustained by the 1.1 m sections where large cracks are recorded
diminish. Additionally, the distribution of reaction forces along the
wall’s span also ceases to mirror the profile of oy, with the reaction
forces from the cracked regions being redistributed mostly towards the
wall’s centre.

At LM = 52.8, as cracking in the wall becomes increasingly severe —
including the central portion, though relatively less so compared to the
regions flanking it (Fig. 18b) — the total reaction force that can be sus-
tained by the wall starts decreasing (Fig. 16). The central 1.1 m section
still sustains a greater reaction force than its adjoining sections
(Fig. 18b), but this could also be simply attributed to the shape of oyq,
which subjects the central portion of the wall to the highest compressive
force. At LM = 53.0, the cracking at the base of the central section of the
wall becomes too severe for this section to sustain more reaction forces,
and the load from this section is redistributed to its adjoining sections
(Fig. 18a).

The selection of 1.1 m segments for tracking load redistribution
along the wall in the 3D monotonic load procedure mirrors the spacing
between piles within the retaining structure, which also corresponds to
the thickness designated for the Tier 2 numerical model in the 2D
monotonic load procedure. As depicted in Fig. 9b, the oy, compressive
stresses at the base of the wall are concentrated in the central section,
extending approximately 11 m from 9 to 20 m (AL), and tapers off to
negligible levels beyond this range. This observation leads to the se-
lection of ten segments 1.1 m wide within this central 11 m zone, which
are utilized in 2D monotonic analyses to determine the lower and upper
bounds of structural capacity. The 2D monotonic load procedure as
outlined in Section 2.2.2/Fig. 5b is adopted for each 2D model by
considering the oy distribution corresponding to the location of the
segment. It is worth noticing that 10 composed elements are included in
the 3D model in the locations corresponding to each section, allowing
for a direct comparison of the curves plotting the reaction forces
transferred at the base of each section of the wall and the maximum
recorded out-of-plane displacements.

No cracking is observed in the wall in any of the 2D monotonic an-
alyses, with the wall tilting around its base due to the opening of the
wall-floor interface, as depicted in Fig. 19a. This phenomenon un-
derscores the absence of load redistribution in the 2D monotonic ana-
lyses and significantly impacts the evaluated force capacities of the
retaining structure, resulting in all capacity curves obtained from the 2D
procedure demonstrating lower structural capacity compared to those
from the 3D procedure. The comparison is illustrated in Fig. 19b, where
force-displacement capacity curves from the 2D monotonic analyses

—e—3D Monotonic (Numerical Tier 1)
—— 3D Monotonic (Analytical Tier 1)

Wall Reaction Force [kKN/m]

|
30
Maximum OOP Displacement [mm]

20 40

1 1 |
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Fig. 16. Comparison of wall reaction force vs. maximum out-of-plane displacement curves from 3D monotonic load procedure adopting numerical and analytical

evaluations of oy in Tier 1.
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Fig. 17. Distribution of (a) wall reaction forces and (b) principal crack widths along the length of the wall in the 3D monotonic load procedure at LM = 52.4 and

LM = 52.6.

(2D-1 to 2D-10) are compared with those derived from the 3D mono-
tonic analyses (3D-1 to 3D-10). The 3D monotonic analyses result in
force-capacities 1.16 to 2.90 times higher than their 2D counterparts.
Importantly, the curves from the 3D procedure, corresponding to the
reaction forces and displacements developed in the individual 1.1 m
sections, do not require normalization relative to the model’s length for
comparative analysis. This methodology ensures a comparison between
the load distributions on the 3D and 2D models as closely matched as
possible. Nonetheless, they are not identical, because the oy vs. height
distributions in the 2D models remain constant across the model’s
thickness, unlike the slight variations observed across 1.1 m in the 3D
models.

4. Concluding remarks

This paper introduces analysis procedures for assessing existing
masonry earth retaining structures under traffic loading. These pro-
cedures account for load redistribution mechanisms within masonry,
which are currently neglected in the conventional methods, thereby
allowing for less conservative predictions of the structural capacity.
Redistribution mechanisms arising from both time and spatial variations
of traffic loads in 3D configurations of masonry earth retaining struc-
tures are considered, resulting in four analysis procedures: (i) 3D dy-
namic moving load, (ii) 3D static moving load, (iii) 3D monotonic, and
(iv) 2D monotonic.

By comparing the structural capacities evaluated via the application
of the four assessment procedures, it is possible to quantify the load
redistribution within the structure arising solely from the consideration
of either dynamic versus static loading, or 3D versus 2D structural
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configurations of retaining structures. Such a possibility is demonstrated
through the application of the developed analysis procedures to the
assessment of an existing masonry retaining structure in Amsterdam, the
Netherlands, for which the increase in structural capacity resulting from
load redistribution is quantified. For this specific case study, the
retaining structure is subjected to approximately 3.7 times higher forces
when the same traffic load is applied dynamically rather than statically.
This increment is caused in the 3D dynamic moving load procedure by
the superposition of loads, determined by the movement of a vehicle
along the earth retaining structure, which is neglected in the static
application of the loading. Nevertheless, the dynamic application of the
vehicular loading results in the retaining structure exhibiting a 110 %
larger force capacity, as well as a significantly more ductile behaviour.
Additionally, also considering the 3D configuration of the retaining
structure leads to an increase of the predicted lateral force capacity.
Specifically, values 1.16 to 2.90 times higher than those calculated
assuming a 2D configuration are obtained. This increased capacity arises
from the structure’s ability to redistribute loads along its length after
cracking, which cannot be captured in 2D analysis procedures.

Future work should concentrate on the validation of the developed
analysis procedures against experimental investigations. The implica-
tions of the sub-structure approach adopted in all the analysis proced-
ures developed in this paper, i.e. they treat the backfill, over which
vehicular traffic moves, and the retaining structure itself as separate
entities should also be evaluated. Such investigations should also
include understanding the impact of modelling energy dissipation and
radiation damping of the backfill on the structural demand that the
retaining structure is subjected to. Additionally, for the moving load
procedures, investigating the effects of considering multiple vehicle
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passages and the resultant damage accumulation, as opposed to simply
increasing the traffic load associated with a single vehicle to assess
structural capacity, warrants further examination.
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