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Abstract: Trans-disciplinary research methods and data from archaeology, geology, hydrology,
and hydraulic engineering are successfully merged to reevaluate hydrodynamic effects of Roman
hydraulic structures at a Rhine river harbour. The archaeological site Colonia Ulpia Traiana,
is characterized by its exceptional preservation, providing ample research data on its river harbour.
Constructed by the Romans, the berthing area is lined by a wooden quay-wall. Setting this harbour
apart is its up-stream tip, which is fitted with a unique hydraulic structure with unknown purpose.
Structure related hydrodynamic impacts on the historic Rhine regime are examined by introducing a
novel cross-scale multi model approach, consisting of three steps: (i) Scaled physical experiments are
performed to investigate the roughness influence of the wooden quay on a local scale. (ii) A numerical
representation of the physical experiments is done in Delft3D, validating a linear loss term to
accurately capture the roughness influence on the velocity distribution. (iii) A mid-scale Rhine
river model of the area is generated that approximates the historic river bathymetry through
morphological evolution. The quay-wall is implemented in parametric form and induces a substantial
velocity reduction throughout the harbour. The unique structure exhibits hydromechanic properties
mimicking present day current-deflection walls, potentially rendering it their primal prototype.

Keywords: Rhine; hydronumeric model; Delft3D; historic river harbour

1. Introduction

Hydraulic engineering of harbours can be traced back to ancient civilisation such as the Greeks
constructing the ports of Pylos (Lat: 36.935 793; Long: 21.687 064) and Methone (Lat: 40.467 450;
Long: 22.583 650) as early as 600 BC or the Romans constructing a port at the Tiber estuary near
Centumcellae (Lat: 41.780 032; Long: 12.262 886) 700 years later [1,2]. From the initial usage of natural
bays as berthing areas and the reinforcement of riverbanks and beaches using kid bindings to wooden
jetties, the Romans progressed to the accomplished construction of seaports inventing the opus
caementicium (roman concrete) for underwater usage and sinking stone filled barges in place as
foundations [3,4].

Part of the Roman empire, the Colonia Ulpia Traiana (CUT) and its predecessors are situated
directly northwest of the medieval and modern town of Xanten in North Rhine-Westphalia, Germany,
close to the Rhine river in proximity to the Dutch border. In the second and third century AD it was
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one of the only two coloniae in the province of Germania Inferior and the second largest city after
Colonia Claudia Ara Agrippinensum, today’s Cologne [5,6].

The oldest structures date between 10 to 20 AD [7]. Between 98 to 106 AD [8] the settlement was
elevated to the status of a Colonia by the Roman Emperor Trajan and called CUT. It became a city after
the Mediterranean model with a chess board street system, city walls and large public buildings such
as the forum, capitolium, temples and baths [9–18].

The Roman harbour is located in front of the northeastern city wall. From early Roman times
until the fourth century, the Rhine river flowed past the wall in a curve, very close to the northern part
of the wall [7,19]. Between 1934 and 1993 several excavations took place in this area [18–22] providing
evidence of a rich harbour culture whose functioning and layout are still associated with several
unknowns. Archaeological research unearthed parts of a wooden quay wall along the northern city
wall lining the former Rhine bank. A length of 45 m is documented, while the absolute length remains
unknown [23]. A value running anywhere between 200 m to 230 m can be assumed as plausible.
The wooden quay, of which only the southern most part has been excavated, is the oldest part of the
harbour of the CUT. The end of the quay is roughly triangular, consisting of three layers of stacked
oaken beams ending in an approximately 50 cm wide tip.

The quay wall consists of five oak boards stacked laterally along the river approximately 40 cm to
50 cm wide each, supported by vertically rammed oaken posts at their ends. The substructure was
further reinforced by oaken and pine posts 30 cm in diameter up to 6 m long, rammed into the sand of
the riverbank 1.4 m apart. Transverse beams and four column drums were inserted to give additional
stability. The substructure was backfilled with earth and rubble and the surface covered with gravel.
In Figure 1a sketch of the excavated structures is presented, showing the wooden structures in brown
color and additional pillars made of stone. The quay-wall with its rammed poles described can be seen
on the right side. The tip is located at the bottom-right corner. The photographies in Figure 2a,b show
details of the river-oriented quay-wall. The upper edge of the quay-wall reaches 16.45 m to 16.55 m
above sea level, whilst the lower edge reaches down to 15.13 m above Sea Level indicating water levels
during the active period of the quay wall [20].

Two different characteristics of the wooden structures are expected to affect the flow significantly.
The first one is a constant loss alongside the quay wall due to the supporting vertical pillars, the second
expected effect is an alteration of the hydrodynamic patterns due to the projecting structure at
the upstream edge of the findings. Both elements are examined using partly different methods
to understand the underlying physics. In the following a short introduction on the concepts based on
current literature is given.

Roughness elements on walls induce turbulence in the flow, through vortices developing at
the backside of a structure [24], where the exact hydrodynamic structure depends on the geometric
constraints and spacing of the elements. This effect is studied on a small scale regarding surface
roughness but analogous flow patterns evolving can also be observed on a larger scale. The comparability
in this context depends on features of the surface and the flow, characterized by the Reynolds number,
alike. Stepped spillways for example show, that in structural niches back flowing vortices can develop
dependent on the dimensions and the slope of the spillway, adding to a boundary layer and causing
energy dissipation [25]. On a different scale, eddies are also a common feature of groyne fields, where
the area in between two groynes is characterized by back flowing velocity components, such as shown
in experimental investigations in [26]. As [27] points out the patterns evolving in channels characterized
by large roughness such as rockfilled ones are similar to the ones in stepped spillways with a low slope.
The large dominant recirculation pattern evolving lead to a well correlated friction factor in a series of
experimental set-ups. A similar flow structure can hence be expected to be caused by the vertical piles of
the roman harbour remains necessitating an analysis of its influence on the hydrodynamic regime.

The construction of the CUT quay with its triangular shape at the end appears to be quite unique,
as no similar structure has been unearthed so far. Constructed on the cut bank of the mainstream of the
former Rhine river course with the largest water depth and highest current velocities it might very well
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be one of the earliest current deflection walls ever constructed to induce a quiescent docking area along
the quay-wall [28]. However, earliest mentions of current deflection structures for influencing berthing
area related current fields date back only a couple of decades and by no means millennia [29–33].
The hydrodynamic effect of the excavated triangular structure has to be investigated, as it presents
a potential hydraulic novelty, with regard to the fact that no similar structure has been found until
now from the Roman or any other period. Furthermore, the overall nautical conditions near the
quay-wall river harbour are unknown at the moment but are of interest to historic ship builders and
archaeologists, as well as for comparisons with modern day harbour concepts.

The intellectual and cultural heritage of the Roman empire arguably form the corner stones
of modern civilization across the western hemisphere, with their impressive infrastructural and
scientific achievements visible today across its former region of influence and beyond. Reproducing
the physical conditions prevailing naturally and induced by technical solutions via contemporary
tools usually not employed in historic contexts addresses possible intentions of roman engineers and
sheds light on their understanding of hydrodynamic processes and thereby adds to understanding
this antique high culture. The achievements in the field of hydraulic engineering obtained without
the elaborated tools existing today may remind us of the value of human creativity being a main
driver of technological progress, while at the same time showcasing the power of modern tool within
a trans-disciplinary project.

The objectives of this study are fourfold:

1. To investigate the hydraulic effects such as local energy loss for the specific structural design of
the flow parallel quay wall

2. To find an adequate representation of the quay-wall’s effect in a numeric model
3. To develop a possible historic river bathymetry, employing the data of archaeological and geologic

origin with the physics based sedimentation processes
4. To examine the local effect of the possible current deflection wall under a realistic hydrodynamic

global regime
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Figure 1. (a) Quasi-3D isometric sketch of the tip of the hydraulic structure (not to scale) with various
associated hydrodynamic processes and the still water level (SWL); (b) Top view of the excavated
structure (opaque) with extrapolated segments (transparent); (c) Quay-wall segment physically
simulated in the hydraulic laboratory for determining roughness induced losses for numeric simulations.
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Is it not somewhat surprising that the Romans would build a deflection wall pointing into the stream (a=135°), where an angle of 90° would do the same job with a shorter length? Such a structure perpendicular to the bank is called a groyne and is used to reduce current velocity near the river bank and therefore stabilise the bank. The modern Rhine is full of them. As you can see from Fig 11c, the sheltered area is quite long: we usually accept a sheltered length of 7 to 10 times the groyne length. So, the question of why the Romans built this odd structure pointing into the current remains unanswered!
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Figure 2. (a) Photography of the original harbour structures discovered at the Colonia Ulpia Traiana
(CUT) [20] (LVR—Archaeological Park Xanten); (b) Scaled physical flume model (PFM) installed in the
current flume. View in direction of flow.

The study is structured as follows: Data, equipment and methods used are given in Section 2.
In Section 3 results are presented. Findings are discussed in Section 4 with conclusions drawn in
Section 5.

2. Data and Methods

2.1. Cross-Scale Multi-Model Approach

To shed light on different aspects of the historic harbour, a cross-scale multi-model approach
incorporating three model-packages was developed, to allow for an effective examination ensuring
maximum inclusion of available data from the outset. These packages are:

(i) Physical Flume Model

A physical surrogate model of the archaeological roman wooden quay-wall is designed on a 1:2.42
scale, adhering the size of the experimental facility and the availability of construction timber on
the retail market. This model is installed in a current flume for hydraulic experiments determining
the wall-roughness induced loss alongside the quay wall. The geometric constraints are derived
from the archaeological data, while information such as the water level and the velocity are chosen
according to the numeric model of the river stretch. The influence of the tip pointing into the
stream is not examined.

(ii) Numerical Flume Model

A simple conceptual numeric model of the experimental set-up is reproduced in Delft3D, where
the quay-wall is included as a parametrized loss function. This numerical model is initially
scaled at 2.42 to compare with physical lab results. In a second step, these are up-scaled to
real-life dimensions to ensure correct adaption. The comparison allows for the identification of a
value of the loss coefficient, that leads to a minimal difference in the velocity distribution of the
experimental and numerical results.

(iii) Numerical River Model

Finally, a numerical river model (NRM) of the ancient Rhine containing the CUT stretch is
developed. It comprises two steps. The first one is the generation of a physically plausible
bathymetry using an active bed to simulate the morphological processes of the river. The second
step is the examination of the hydrodynamics in vicinity of the harbour structures on basis of the
bathymetry generated in step one, now neglecting the morphodynamics of the river.

The model is combining archaeological field research data for reconstructing a detailed 3D-river
bed with hind-cast time-series of ancient Rhine river discharge for forcing the model, including a
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morphologically active bed. In the second step, the representation of the parametric quay-wall
structures to simulate the hydrodynamic effects observed during the initial physical laboratory
tests is combined with a parametric representation of the possible current deflection wall (CDW)
to account for the harbour influence.

The interconnection in between the modelling packages of the multi-model approach is visualized
in Figure 3, showcasing the different models in each modelling-package, their scale and the information
interchanged in between.
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Figure 3. Flow chart of the Cross-scale multi-model approach including a domain decomposition
(DD)-model developed and employed illustrating the interdependence of the modelling-packages.
This way, different spatial discretizations are realised, allowing to increase the resolution within
target areas, whilst reducing the grid resolution for areas not so crucial, thereby optimizing the
computational effort.

2.2. Physical Flume Experiments

A lack of readily available literature values of surface roughness for wooden style quay-walls in
roman construction style sparked/inspired the conduction of scaled physical laboratory experiments
to obtain aforementioned values. For the quantification of the parametric loss induced by the
quay wall, examinations on the velocity field around a scaled model of the archaeological findings
were performed.

The experiments took place in the 65 m long oval-shaped current flume of the Ludwig-Franzius-
Institute with a width of 1 m [34]. The dimensions and proportions of the archaeological find at CUT
were hydro-dynamically scaled using Froude’s law of similarity [35,36]. The Froude number is given
with Fr = v

g×L , where v is the velocity, g is the acceleration of gravity and L is a characteristic length,
in case of open channel flow the waterdepth d. This leads to a definition of a relation of prototype



Water 2020, 12, 3365 6 of 23

velocity vp to model velocity vm of vp
vm

=
√

Lr, where Lr is the length relation of the model, assuming
that the acceleration due to gravity applies for both model and prototype [37]. As the turbulence and
energy dissipation is also influenced by the fluid’s viscosity the Reynolds number accounting for the
resulting forces is another dimensionless parameter having an effect on the scalability. In this model the
Reynolds number was not kept constant, as it was assumed that regarding the size of the roughness
elements the fluids viscosity is not resulting in a dominant force. Nonetheless, it remains a possible
source for deviation between the model and its prototype. The constructed model extended 2.00 m in
length, 1 m in height with a wall-thickness of 0.02 m and 5 regularly spaced rectangular support pillars
of w = 0.076 m by l = 0.116 m in a distance of 0.36 m (see Figure 4). The model was clamped to the
flume wall and sealed with silicone around the edges and bottom to prevent back-flow. Applied current
velocities in the laboratory facility were adjusted accordingly, scaling the parameters occuring at that
position in the NRM, operating the PFM with 0.32 m s−1 and a water depth of 0.65 m. A Longitudinal
section parallel to the quay wall as well as a cross-sectional transect through the flume were measured
taking into account five points in the vertical scale using the acoustic Doppler velocimeter (ADV) Nortek
Vectrino with the firmware 1.31. Measurements with and without the structure installed reveal its
effect on local hydrodynamics. The three-minute timeseries of the velocity in x-direction was filtered
according to [38], eliminating values with a signal-to-noise ratio (SNR) under 15 and a correlation
under 80 % along with identifying and replacing nonphysical peaks in the measurements in use of the
acceleration-threshold-method [39] and afterwards temporally averaged.

In Figure 2a the original quay wall unearthed at the site is depicted. In Figure 2b the scaled
equivalent is shown at its location in the current flume, without water inside.

2.3. Numerical Model Flume

To develop an approach that reproduces the physical results in a numerical model, a conceptual
model of the flume was developed in Delft3D, [40] version 4.03.01. The hydrodynamic counterpart of the
physical experiments was designed, initially maintaining the Froude scale approach for comparability.
The conceptual flume represents the 2.00 m model section tested in the PFM plus an addition 4 m up-
and downstream, resulting in total model dimensions of 10.00 m in length and 1.00 m in width (see
Figure 4d). The upstream and downstream boundaries were forced with a constant discharge and current
condition, respectively, to reach a steady flow field. The resulting velocities were extracted at positions
identical to the physical laboratory measurements. The grid resolution is set to 30× 30 cells, leading to
cell dimensions of 0.33 m× 0.033 m. For the advection Delft3D’s standard scheme, a combination of a
third-order upwind scheme and a second-order central scheme denoted as cyclic method is chosen [41].
Turbulence models can only be applied for three dimensional computations in Delft3D [42]. Consequently,
no turbulence model is applied, the background horizontal viscosity coefficient is set to 1 and the time
step is set to 0.0006 s to stay consistent with the Courant–Friedrichs–Lewy criterion.

To compare the vertically resolved x-velocity in the physical experiments to the depth-averaged
numerical counterpart, measurements were depth-averaged, according to [43]:

vm =
1
d

∫ d

0
vdz (1)

where vm is the depth-averaged velocity d is the water depth and z the vertical coordinate.
After calibrating the numeric flume model without rigid sheet (RGS) against the measurement in

the channel without the wooden structure included to calibrate the boundary conditions, a parametric
RGS is added to the numeric model. The wall roughness acted as calibration parameter to match
the measured velocity values. A value of 0.01 m for the roughness length is identified as suitable.
Bed roughness was set to a uniform Manning-coefficient of 0.024. To account for the energy loss
induced in the numerical model an artificial bed level gradient of 3 cm had to be introduced that was
not present in the physical flume to ensure uniform flow conditions.
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A RGS accounting for the friction induced by the shape of the quay-wall is included throughout
the length of the quay-wall. This hydraulic structure adds a loss term M, linearly dependent on the
flow velocity, the cell-dimensions and a loss coefficient closs to be specified by the user (Equation (2)).

In Figure 4a–c the dimensions of the quay wall in the experimental tests are given. In Figure 4d
the numerical reproduction is presented, including the location of the parametrized loss function,
the sections compared and the numerical grid applied. The dimensions are given for the original scale
and the upscaled version of the numerical flume model (NFM).

M = − clossu
∆x

(2)

Figure 4. Dimensions of the experimental model for (a) dorsal view, (b) detailed top down and
(c) frontal view. The numerical flume model (NFM) (d) top-down for calibrating the roughness
coefficient closs with positions of measured sections.

In a second step, the NFM was scaled up to match the archaeological structure at the CUT.
This was necessary to account for the scaling effects, because otherwise the determined loss coefficient
would correspond to the downscaled dimensions of the quay wall parameter. In this scale bed
roughness was set to a uniform Manning-value of 0.028 applying the scaling approach presented
in [37] and wall roughness to a value of 0.024. To account for the additional energy loss the bed level
difference had to be adapted to 0.15 m.

In a third step, it was tested, how the velocity distribution changes if the influence of the wall
roughness decreases through wider flume settings, while the other parameters of the upscaled model
remain. This is indicated on the right of Figure 4d. Five different values for a width up to 36.3 m were
examined. The cell size of the grid remained the same leading to a maximum number of 30× 150 cells.
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2.4. Rhine River Model

The modelling of the river stretch is divided in two parts. First the available data is aggregated
and a possible historic riverbed is reconstructed using the sediment transport module of Delft3D.
In a second step, the local effects studied in Sections 2.1 and 2.2 are embedded in the larger model
assuming a static riverbed now.

2.4.1. Rhine River Bathymetry

The river bed is a composite of high resolution data of 148 river bed markers derived from
drill cores [44] reaching down to 9 m comprising a very high resolution allowing for a detailed
3D-bathymetry interpolation for the vicinity of the quay-wall river bed. The river bathymetry has been
subject of discussion. While it was initially assumed that the harbour was located at a dead branch
with reduced flow [19,20], the discovery of roman artefacts in the gravel layer lead to the conclusion
that the flow velocity had to be high in order to transport the surrounding material that formed
the bed at this time. That indicates, the harbour was located on the main branch of the river. This
knowledge makes a new evaluation of previous findings necessary. On the study-site 148 drill-cores
were collected and evaluated [44] with respect to the assumed location at a dead branch and the
subsequent assumption of fine sands defining the bed [19,45]. The model river bed slope can be
assumed to equal the contemporary slope of the river [46]. Based on the present-day neighbouring
gauges Wesel (No. 2770040) and Rees (No. 2790010) the slope was determined to 0.1‰ [47]. The exact
location of the river run outside of the area covered by drilling cores is uncertain and an approximation
can only be done with low evidence. Geodata was aggregated using open source Quantum Geo
Information System software (Long Term Release version 3.10 [48]). The bathymetry between the river
bank lines at 4.5 m and the river axis defined at the intermediate depth of the drill cores of −3 m was
interpolated to form a trapezoidal river bed. Figure 5 presents the overall location the site and the
local positions of the drill cores, bank markers and the structure unearthed, on a scale comprising
the entire river stretch model and in vicinity to the harbour. The bathymetry depicted is the result of
morphodynamic simulation runs.
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Based on field data, three prevalent sediment fractions a coarse fraction cSA an intermediate
sand fraction mSa and a fine fraction fSa were identified and implemented in the numerical model.
Sediment diameter and layer thickness used are presented in Table 1.

Table 1. Sediment fractions and parameters used in the large numerical model.

Parameter Symb. Unit cSa mSa fSa

grain diameter d50 (mm) 2.2 1.5 0.8
layer thickness m (m) 7.0 1.5 0.2
dry bulk density ρb (kg m−3) 1650 1650 1650

2.4.2. Hydrodynamic Calibration

The hydrologic regime of a river is to large extent characterized by parameters like the mean water
level and discharge. Since no recordings on the ancient water level exist, archaeological indicators and
literature values are used. In former studies, it was assumed that archaeobotanical markers are only
reductively conserved under water. Based on the status of such markers it was concluded that the mean
water level was at 16.00 m [49]. This was no longer applicable when cohesive and organic rich soils
showed to have the same effect. The archaeological findings indicate a water level of 15.30 m, which
corresponds to the lower edge of the ancient quay-wall, a value that was already proposed by [20] when
first discovering the structures. Roggenkamp [49] proposes a method to aggregate historic sources,
geological field data and archaeological findings with the empirical Gauckler–Manning–Strickler
formula, in order to estimate the discharge at the time. Since this study relies on the hypothesis of
the harbour located at a dead arm, the values obtained can not directly be implemented, but the
geometric constraints need to be adapted to match the data used here. Open boundaries are assumed
at the river inlet and the two outlets. The values for the average current velocity and the discharge
finally applied, at the inlet were v = 0.63 m s−1 and Q = 1300 m3 s−1, while at the outlet boundary a
constant waterlevel of 15.30 m is defined. For the morphodynamic simulation the domain is resolved
using a rectangular grid with 100 × 200 evenly spread nodes, yielding a grid cell resolution of 25 m in
between knots. Considering the CFL-criterion [50], a time step of 12 s is applied.

The model inherent bottom roughness coefficient is adapted to ensure that the water level gradient
matches the bed level gradient. This is the case for a manning-value of 0.029. The bed roughness in
numerical models does not necessarily correspond to the physical counterpart but acts as a primary
hydrodynamic calibration parameter [42,51,52].

In order to promote morphodynamic activity, the hypothetical bed elevation was modified by
adding an equal number of grid cells, of which half were elevated and half were lowered by 0.5 m
pre-simulation. Their extend was of quadratic shape, each covering an area of 2500 m2, corresponding
to 4 grid cells. In the main branch and in each of the split branches 10 locations of reduced water-depth
and 10 locations of a risen depth were positioned, so that a final number of 60 modulations was
introduced. This resulted in a regularly studded river bed along the river axis, extending 50 m on
both sides. It was found that this technique greatly accelerated the morphodynamic evolution due to
additionally induced bed shear stresses and turbulence, reducing computational effort. The timeseries
of the cumulated sedimentation/erosion is depicted in Figure 9. Furthermore, they served as an
indicator on sensitivity of the final bathymetry on the initial assumptions. The initially added artificial
modulations were completely removed during the course of the bed generating simulations (see Figure
10). A near-natural river bed results, as the model evens out the generic modulations introduced.

In a subsequent step, the hypothetical bathymetry composed of the information given was
modulated using the model inherent morphodynamic capabilities to grind-in the river bed using
sediment transport mechanics resulting in physically based near natural development [52], to generate
boundary conditions for an in depth analysis of the hydrodynamic conditions. With regard to the
spatio-temporal limitation of the underlying hydrologic data, the determined discharge was kept
constant instead of considering seasonal fluctuations. Influence of different morphologic acceleration
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factors (MorFacs) [51,53–55] has been tested in combination with three sediment fractions. The MorFac
is a numerical factor linearly scaling the bed level changes. This way the morphodynamic processes
usually taking place at a much longer time scale than the hydrodynamic ones can be represented
while keeping the computational cost within reasonable limits. Based on field data fine, medium and
coarse sand fractions were implemented in the model [20] yielding parameters compiled in Table 1.
All bed generating simulations spanned a simulation time of 7 days, which were up-scaled using
MorFacs from 260 to 1040. As to the nature of the MorFac the corresponding morphodynamic time is
obtained by the multiplication of the Factor with the simulated time resulting in a representation of 5
to 20 years morphologic simulation time. Simulation times were extended to reach quasi-equilibrium
states [54,55] for the morphodynamic bed activity, to obtain a quasi-steady-state river bed for further
investigations.

2.4.3. Hydrodynamic Modelling of Harbour Structures

The obtained bed was used for further hydrodynamic-only simulations, since further morphodynamic
simulations would result in a sediment shortage at some point due to the erosion limited modelling
approach [55], which was chosen due to a lack of information on suspended sediment transport for the
ancient Rhine river. The mesh geometry of the model is refined using a composition of two domains
featuring different resolutions. The area highlighted in Figure 11b,c features a higher resolution with
534× 1274 grid cells with 0.9615 m regular edge length and is nested inside the larger model domain
through bi-directional coupling and features a regular grid cell size of 12.5 m by 12.5 m. The Roman
quay-wall structure is represented in parameterized form. Model inherent thin dams [42] to block the
flow in one direction are used to simulate a quay-wall of 200 m length with additional walls at the tips
to prevent back-flow inside the jetty. The turbulence induced loss as identified in Sections 3.1 and 3.2 is
included along the length of the structure as a RGS. The possible CDW is accounted for by adding thin
dams at the upstream tip of the quay-wall. Due to the conservation status the possible length of the tip
is not entirely clear. Different values for the length between 2.7 m to 10.9 m are tested. In the following
the longest variant is further presented, because this illuminates the general effect more clearly.

3. Results

3.1. Physical Flume Model

In Figure 6 the cross-section through the flume is shown. The contour plot indicates the velocity
in x or along flume direction at the measured locations, while the dots represented the resulting
depth averaged value multiplied with the scaling factor to allow the comparison with the scaled
numerical results. This is complemented by a quadratic fit of the depth averaged-values and their
95% confidence-interval. The black-yellow line represents the depth-averaged velocity resulting from
the NFM.

Current velocities are lowest near the bed and the quay-wall model to the left in direction of flow
ranging around 0.15 m s−1. Highest current speeds are measured near the upper central third reaching
up to 0.35 m s−1. The black-yellow line indicating the depth-averaged velocity in the numerical model
compares well to the experimental one, showing that it is an adequate representation of the physical
flume. It lies within the 95% confidence interval of the velocity measured within the experiment,
showing the validity of the rigid-sheet approach in modelling the loss induced by the quay wall.

Similarly to the cross profile, measurements have been taken along a longitudinal plane on five
depth levels and at six horizontal positions. The resulting velocities in x-direction are given in Figure 7.

As expected, velocities measured along the wooden quay-wall model at a distance of 0.15 m
correlate with the values obtained near the wall within the cross section (cp. Figure 6). The depth
scaled averaged velocity ranges between 0.31 m s−1 to 0.36 m s−1, increasing throughout the length of
the measured section.
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Figure 6. Velocity profile measured on the physical flume model (PFM) in cross channel direction at
the end of the structure complimented by depth averaged values and a corresponding quadratic fit
and numeric results.

Figure 7. Velocity profile measured on the PFM in channel direction 15 cm in front of the structure
complimented by depth averaged values and a corresponding quadratic fit and numeric results.
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3.2. Numerical Flume Experiments

For a numerical model of the experimental set-up scaled to the size of the original quay wall,
a coefficient of 10 shows best agreement with the experimental results (cp. Figures 6 and 7). Cross and
longitudinal results, both show a good resemblance of the scaled physically obtained values and the
numerical parametric function falls well within the 95 % confidence interval (ci) of the quadratic fits
of the depth-averaged measurements. A sensitivity analysis was conducted for numerical parameter
settings such as grid resolution and slip-conditions for wall related boundary-layer effects as well as
bed roughness values, possibly affecting simulated velocities. Three different grid resolutions were
tested covering cell numbers of 20× 20, 30× 30 and 40× 40. No influence on the velocity at the
location of the RGS could be observed, leading to the conclusion that the mesh resolution does not
influence the results in this specific case. However, the numerical flume dimensions and especially its
width revealed a strong influence.

In Figure 8 the depth averaged x-velocity is given on crosssections through six different variations
of the NFM characterized by varying dimensions of the flume. The legend presents the width in m.
The velocity at the location of the RGS was 0.3 m s−1 in the original upscaled model whereas it was
reduced to only 0.15 m s−1 in a generic model of 15 times its width, showing the influence of the wall
effect on the velocity distribution. The velocity on the opposing wall also reduces significantly with
increasing flume width.

Figure 8. Depth averaged x-velocity on a crosssection through different variations of the NFM with a
width indicated by the legend in m.

3.3. Numeric River Model

3.3.1. Morphodynamic Simulations of the Riverbed

Figure 2 presents the evolution of the cumulative bed level change for a set of different MorFac
parameters used in Delft3D runs. It compares these bed evolutions to the initial bedlevel assumption
used at the beginning of the simulation.

It can be observed that the cumulated bedlevel-change increases at the beginning of the simulation
for all MorFacs or simulated morphological simulation times, respectively. Only in the simulation with the
MorFac of 1040 it reaches a steady plateau afterwards indicating that morphological equilibrium has been
reached. This point is reached at 3.8 days corresponding to morphological simulation time of 11 years.

It is hence assumed, that a MorFac of 1040 representing 20 years of morphodynamic evolution is
sufficiently high and the resulting bathymetry is further examined, without any further evolution of
the bed taken into account.

AdG
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Figure 10 shows the initially assumed hypothetical riverbed including the bed modulations
in greyscales. The erosion/sedimentation for morphodynamic modelling equivalent to 20 years of
activity is given in red/blue color.

Figure 9. Cumulated sedimentation/erosion over time for three different values of the MorFac.

Figure 10. Initial bathymetry as grey-scale superimposed with cumulative erosion/sedimentation
related changes after 20 year of morphodynamic simulation without any parametric representation of
the harbour structures included.
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Gullies up to 4.00 m deep form in both river branches due to erosion. Along the single-branch
section two channels develop, lined by sedimentation at the banks. Erosion induced terrain depressions
reach 5.00 m down, with local maxima of 8.00 m. The in downstream direction left branch’s gully
shows a wider cross-section than the other one. Moreover, directly in front of the harbour strong
sedimentation occurs, reducing the local water depth up to 6.00 m. Additionally, the central river
island is prolonged due to sedimentation at its tip. The initial modulations, though visible due
to high gradients, have been smoothed out by the model during the course of the bed generation
(see Figure 10).

3.3.2. Structure Impact

Hydrodynamics along the harbour were simulated and examined in the wake of the structure.
The hydrodynamic influence of the hydraulic structures representing the quay wall shows to

be of relevance only in close vicinity to the harbour. Consequently, the depth-averaged velocity in
quay-wall vicinity is shown in Figure 11a for the case without CDW and another one with parametric
structure given in Figure 11b beneath it. At the bottom, the velocity difference between these cases is
given in Figure 11c. The 2DH flow field developing along the quay-wall, where the roughness induced
turbulence effect of the vertical pillars is included by a linear loss term according to the findings of
the physical and numerical flume models, without the addition of the protruding structure at its
upstream tip shows velocities in excess of 0.5 m s−1 in the mainstream of the Rhine river. Nevertheless,
near the river banks the velocity in the shallows is reduced to 0.3 m s−1, whilst the quay-wall, realized
as parametric structure, reduces the flow velocity to <0.2 m s−1 along the river harbour of Xanten
in the numerical simulations (see Figure 11a). Extending the results from the previous findings by
additionally including the possible CDW, that was not yet examined in the physical or numerical
flume models, implemented as a protruding wall into the stream at the upstream end of the quay-wall
reveals a reduction of velocity up- and downstream of the structure in the vicinity to the river bank
(see. Figure 11b). The area of maximal reduction of 0.05 m s−1 is located directly at the structure, with
its impact extending all along the length of the quay-wall. Deflecting the oncoming water away from
the bank towards the river axis slightly increases the current velocity in the main stream of the river.
The numeric representation of the wooden structure protruding away from the upstream end of the
quay-wall into the Rhine river at 45° stows the oncoming water, creating a backlog, which deflects the
current towards the center of the river. The structure exhibits a discernible hydrodynamic influence
on the flow field along the river harbour, reducing the simulated current velocities by as much as
0.05 m s−1 or 25 % (see Figure 11c). The effect forms a wake like pattern downstream of the structure,
affecting the complete quay-wall length and extending 50 m into the Rhine river . The overall flow
pattern developing according to the numerical result, generally seem plausible regarding the flow field.
A higher velocity in the entire remaining part of the river is generated, while the largest increase in
velocity is directly adjacent to the obstacle in flow. That compares well to numerical modelling of the
flow around a single groyne as performed in [56]. Even though the extend of maximal velocity varies
with the channel width, the qualitative results correspond, indicating the validity of the numerical
modelling performed. For the interpretation of the results is important to keep in mind that the
depicted velocity field not only accounts for the effect of the harbour structure, but also the generated
bathymetry, which possibly has a biasing effect on the results. The implementation of the structure
unearthed by the archaeologists into the numerical model alters the flow patterns showcasing the
impact of the potential CDW.
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Figure 11. Depth-averaged flow velocity for a case (a) without protruding structure and (b) including
a projecting structure CDW of 10.88 m and (c) the difference in flow between these two cases.
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4. Discussion

Results presented and described in the previous Section 3 are obtained with different methods
using a variety of field and research data, presented in Section 2. This section deals with the
assumptions and caveats, that were encountered within the three different segments of the physical
model tests described in Section 3.1, the complimentary numerical flume tests from Section 3.2 and the
resulting numerical model of the Rhine river stretch with the CUT in Section 3.3.

4.1. Physical Model Tests

Physical model tests conducted in the oval current-flume [34] serve as basis for assigning a
research based loss coefficient to the wooden quay-wall type found at the Roman Rhine river harbour
in Xanten for further numerical investigations. While quay-walls are a common feature of modern day
hydraulic engineering [33], wooden structures and their roman construction particularities, such as
up-right stacked planks clamped between oaken pillars for support [1,57], are not, necessitating this
step. Both, the original and the model used roughly cut wood. In difference to the original structure,
the surrogate model was constructed using pine instead of oak due to availability. Given the relatively
short period of its exposure to water for a couple of hours any potential detrimental effects due to
soaking and swelling were prevented. Where the original structure was held together by faucet
joints and nails, the pine model was assembled using wood screws with countersunk heads, ensuring
no screw heads influence the flow field on the tested front side, potentially distorting the results.
A potential caveat presents the lateral extent of the current-flume. With a width of 1 m the opposing
wall could be too close for the measurements not to be influenced/distorted by potential wall-effects.
Nevertheless, this circumstance was accounted for by the subsequent NFM. Measurement positions
for the cross-section were taken near the end of the quay-wall model, assuming that due to the flow
distance the flow field has developed to its fullest, preventing initial turbulence from distorting the
results. The longitudinal section was placed at a distance of 0.15 m from the model quay-wall. This was
done to allow the ADV to move along the model without lateral displacements of position due to
the vertical support pillars. The results clearly show, that across the channel the influence of the
wall extends.

4.2. Numeric Flume Tests

A conceptual NFM of the physical facility was developed using Delft3D (see Figure 4d),
to investigate the representation of the roughness in a numerical model and allow for a later
implementation in the river model. It was chosen to compare the depth-averaged velocity of the
physical experiments to the numerical outcome, seeing that this would allow an evaluation of the
velocity distribution better than just calculating the mean difference, but more precisely than comparing
the three-dimensional data. Comparing the results of three dimensional calculations and simulations
performed in 2DH-mode for the given case of the simple conceptual flume model, showed that no
difference in the depth averaged velocity resulted from the different approaches. As a consequence
2DH mode was applied for the simulations of the conceptual flume with respect to the computational
ressources required. The physical measurements were depth averaged according to Equation (1).

The influence of the opposing wall was expected to be large in the physical experiments with
respect to the dimensions of the experimental facility. This was accounted for in the numeric tests
through wall-roughness conditions for the concrete surface using a roughness length of 0.024 m [42] in
the upscaled NFM. Comparison with the measurements in the empty flume showed good agreement.
This means the additional roughness induced by the wooden wall is well reproduced already taking
into account the distortions of the physical experiments. In the river model (see Section 3.3) this
influence is not present. Thus, it can be expected, that the same loss induction has a different effect
on the velocity distribution, than in the restricted channel. This was verified by checking how an
incrementally increasing width of the flume and a corresponding diminished influence of the opposing
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wall affect the velocity distribution. The outcome showed as expected, that the influence of the
quay wall increases with diminishing influence of the wall roughness, up to a width of 21.78 m.
It can be concluded that the loss coefficient transferred from the PFM measurements to the NFM is
considering the wall effects correctly. Furthermore, the numerical model accounts for the width related
influences and accordingly reduces these with increasing channel size. Therefore, the experimentally
determined coefficient was successfully transferred to the large scale numeric model of the CUT
harbour. The representation of hydraulic structures as parametric function, meaning no actual structure
but roughness inducing linear loss coefficient, is an established method in mid- to large-scale numeric
models [29–31,42].

4.3. Numeric River Model

Finally, a mid-scale numeric model of a Rhine river bend harbouring the CUT with it’s quay-wall
has been developed (see Figure 11), using the previously determined loss coefficient from the PFM and
NFM experiments (see Sections 3.1 and 3.2). The model is comprised of two domains, this allows for
increasing the resolution near the hydraulic structures of interest, while reducing the overall calculation
effort for the model. The upstream boundary of the model was discharge forced using re-analysis data
of the ancient Rhine river for this region during normal flow [49] in combination with a water level
boundary downstream to maintain numeric stability [42,58].

The drilling depth to extract cores was based on the former hypothesis of the harbour being located
at an inactive river branch. As a consequence 38.5 % of the cores extracted do not penetrate the crucial
underlying gravel layer. From this data the cut bank can be reconstructed with depths up to 9.0 m.
In the area of the slip-off bank the bottom of the cores is assumed as the riverbed and extrapolated
on the cross-section. Since this only represents the minimal water depth, a higher value can not
be excluded. For the surrounding bathymetry, ancient reports indicate a water depth of 1.5 m [49].
The discrepancy between this value and the maximal water depth indicated by the drill cores seems to
big and physically implausible. The depths indicated by the drill samples are extrapolated, leading
to a value of 3 m for the regions up- and downstream. The location at a main branch also makes a
reevaluation of the horizontal expansion of the river necessary. While former assumptions included
up to three branches at the location of the CUT the latest findings [59–61] indicate a single branch that
splits into two ones near the location of the CUT.

The bathymetry of the ancient Rhine river was generated using established morphologic evolution
methods [51–55], in combination with field data to obtain a physically based near-natural river bed for
further investigations. In absence of bed slope data for the Roman period, present day values are used,
assuming that the larger terrain of the Middle Rhine valley has not experienced significant elevation
changes in the past [46]. Constant boundary-conditions result in a quasi-stationary flow-state with no
changes in water level or velocity and near-constant flow patterns alongside the quay-wall. Due to the
uncertainties regarding the river course, depth and slope, the model can only approximate the historic
state, based on the latest findings in combination with well founded assumption [49]. With regard to
the morphological development, varying discharge conditions would represent the typical regime
of a natural river more accurately, since floods are a big driver of sediment resuspension. This has
not been done in this study, since the currently available data does not cover any such events [49].
An increased uncertainty would otherwise be the consequence, since the available data does not
support a more precise estimation of the ancient regime at this time. For the case any progress is
made on the hydrologic estimation of extreme events at the specific location an inclusion of a yearly
hydrograph in the morphodynamic simulations come into reach, probably yielding interesting results.
As the harbour is likely supposed to be operated during day-to day conditions, no benefit of an
advanced analysis regarding the boundary conditions is expected on this part of the examination.

The quay-wall is represented as parametric structure, similar to the NFM (see Section 4.2).
Implemented as river-parallel hydraulic structure with a length of 200 m and additional barriers angled
towards the river bank, blocking flow between the quay-wall and the river bank to avoid unwanted
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scouring inside the quay. Construction induced flow resistance from oaken poles was accounted by
the derived loss term throughout its length, which is based on the physical and numerical experiments
outlined in Sections 3.1 and 3.2. Limitations given for the PFM and the NFM apply to this model as
well, being based on previous experiments.

Nevertheless, the experimentally determined loss coefficient, numerically transferred and
up-scaled, reduces the along-quay current as expected with an impact comparable to results from the
PFM and NFM experiments (cp. Section 3).

Additionally, the unique structure at the up-stream tip of the quay-wall unearthed by archaeology,
was investigated using the numerical model. The quasi-steady flow conditions allow for assessing
structure related impacts. The opaque structure is represented by thin dams in Delft3D, protruding from
the quay-wall into the Rhine river at 45°, creating a quiescent area in its wake along the berthing area of
the river harbour, reducing the flow by as much as 25 % (see Figure 11b). The structure is possibly longer
than the original roman one, overemphasizing the absolute velocity reduction. The qualitative effect is
independent from this value. This impact compares well to present day CDWs [29,31,33] suggesting
the intended functionality of this hydraulic Roman structure was to create a quiescent berthing area in
its wake for the ease of docking and navigating. A substantial reduction of the local flow velocity can
be ascertained, as a consequence of the loss induced by the jetties form-roughness.

Roman engineers are famous for their advanced engineering methods and their understanding of
hydraulic processes. Even though their set of methods did not include any of the methods we nowadays
have within our toolboxes, their creativity allowed for a design of harbour structures surprisingly
modern and intentionally well adapted to the intended function of a harbour. This illustrates how
even with simple mathematical methods a presumable mix of rough calculations, close observation of
physical processes and the willingness to try out progressive design approaches commit to technical
evolution and facilitate the operations necessary for trade and everyday-life. The fascination for the
achievements made in the field of engineering continue to be impressive and can still inspire modern
engineers to develop creative solutions within an environment of integrated curiosity on the interaction
of engineered design with the natural world.

5. Conclusions

A novel cross-scale multi-model approach was developed and successfully applied, to reconstruct
possible historic Rhine river characteristics and to investigate the hydrodynamic influence of a
wooden quay-wall structure at the CUT river harbour from the Roman period, yielding the following
conclusions:

- A scaled physical model was constructed according to archaeological findings and installed in a
hydraulic test facility to measure roughness induced reduction of flow on a longitudinal and a
crosswise transect at five vertical levels. A substantial reduction of 30 % near the wall is observed.

- Measurements are compared against a conceptual numerical twin model of the physical laboratory
experiments using Delft3D. This shows that the experimental velocity distribution can be
reproduced well employing a linear friction loss a term with a loss coefficient of 10.

- Combining (i) field data from the excavation site and the results from dendrochronological
investigations of the wooden quai with (ii) hydrological re-analysis data for the historic Rhine
river discharge regime and (iii) state of the art numerical engineering methods, a 2DH model of
the Rhine river section harbouring the CUT with the Roman type wooden quay-wall is developed.
The calibrated model reproduces near-natural historic hydrodynamic conditions, depicting a
possible realization of the flow field along the Roman river harbour during normal flow.

- The wooden quay-wall is numerically represented in a parametric form endued with the
experimentally determined loss coefficient of 10. Consequently, the numerical Rhine river
model correctly maps the 200 m long parametric structure, which projects its roughness related
hydrodynamic influence with digital exactitude into the adjacent water body. Consistently it can
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be inferred, that the wooden Roman jetty was successfully assessed and its hydrodynamic impact
effectively reproduced using state of the art methods.

- Finally, the unique wooden structure unearthed at the upstream tip of the jetty protruding into
the river was included in the 2DH Rhine river model to unravel its functionality with scientific
acuteness. Substantiated by testing various lengths at 45° obviating coincidental results, it is
revealed that the structure exerts the hydrodynamic impact similar to a current-deflection-wall.
With a degree of efficiency reducing current speeds by up to 25 % or 0.15 m s−1 to 0.20 m s−1 in its
wake along the quay-wall, the Roman hydraulic structure rivals present day designs.

Physical and numerical methods were successfully used to recreate hydrodynamic conditions
at a historic site and allowed for the densification of knowledge at this archaeologically extensively
researched location. Further questions concern the relation of the man-made structures and the
morphodynamic activity of the river. In this light the possible need for maintenance work regarding
reliable navigation or structural stability are interesting points to be toggled. While the uncertainty
regarding seasonal fluctuations of the river remains high, potential realizations are of interest for
other research fields such as ancient ship building and navigation research tapping into logistics
and supra-regional trade routes or hydraulic engineering regarding potential siltation problems and
maintenance of the harbour.
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Abbreviations

The following abbreviations are used in this manuscript:

ADV acoustic Doppler velocimeter
CDW current deflection wall
ci confidence interval
RGS rigid sheet
CUT Colonia Ulpia Traiana
MorFac morphologic acceleration factor
NFM numerical flume model
PFM physical flume model
NRM numerical river model
NHN16 normal height null 2016 (in m)
SNR signal-to-noise ratio (in %)
DD domain decomposition
SWL still water level
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