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Abstract. An analysis of the effects of alternative flat roof sizes and positions on wind flow around
a ruin model is presented. The modelled ruin has almost cube-like proportions, with an open roof
plane and a destroyed corner. Roofs over ruins are seen as a means of protection against the wind,
which is considered a destructive mechanism. The purpose of the roof as a monumental means of
presentation and limits of its implementation are also discussed. Wind flow is illustrated by external
pressure and skin friction coefficients. Taking their changes into account, the degree of protection flat
roof alternatives provide is estimated and optimal flat roof alternatives are discussed. Simulations were
carried out using the 3D Time Steady Reynolds-averaged Navier-Stokes equations and the Shear Stress
Transport k-ω turbulence model.
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1. Introduction
A functional object is usually brought to a degraded
state by the combined action of a spectrum of destruc-
tive mechanisms. Wind is one of the primary sources
of natural destructive mechanisms of both a gradual
and sudden nature [1, 2], of a mechanical, or chemical
nature. It acts as a distributor and catalyst of other
destructive mechanisms, such as water saturation and
surface abrading by wind-driven sand [2–4]. The illus-
tration of its behaviour around the protected structure
also helps in the discussion of the effectiveness of the
design of protective cover structures.

Ruins, as objects in an advanced stage of destruc-
tion, are among the objects highly sensitive to the
mechanism effects and their further development
caused by climate change [3]. This sensitivity is caused
by the complexity of their geometry, caused both by
the colourful morphology of the original object and
by devastation, which creates complicated geometric
systems. The sensitivity is also caused by the qual-
ity of the building material, used in the construction,
or by its degradation, loosening and increasing its
roughness, and porosity [5].

A roofed ruin, as a combination of the remains of
an object in various stages of destruction and a roof
structure of a certain shape and construction-material
design, is a topic of a discussion by a group of con-
cerned persons and professions. If the ruin is protected
as a monument, the two ambitions of the given group
will become paramount – an effective methodical mon-
ument presentation based on the available research
results and its permanent technological and structural
security. The entropic nature of any ruinous context

limits the indisputable answer to both issues. This
invites the continuation of the discussion and research
of equally theoretical starting points for monument
presentation and effective technical solutions for the
protection of the material essence.

If the priority is to present historical values, the
roof’s dominant position should be allowed only if
accurate information about the original roof in a par-
ticular period of the building’s development are avail-
able. As soon as this information is missing, the
preserved and stabilised ruin becomes the bearer of
the presented values, which by this act becomes the
next construction phase. The acknowledgement of
this stage in subsequent additions rationalises the
use of new formations, subordinate to the ruin and
not reflecting any stages of previous development.
When the focus is on protecting the ruin fabric, the
roof is considered as an effective measure of passive
protection. Its long-term use is rarely discussed in
Czecho-Slovak context and its creation is usually due
to other-than-protective reasons, possibly for easy
possibility of contradiction with ruin’s presentation
requirements. However, a roof design with an over-
hang over the ruin’s surface is deemed more effective
and commonly used, usually as a temporary measure
securing research and preceding traditional structure
conservation. Water and its impact on the protected
structure is a common topic of discussion in the man-
agement of ruin’s protection, wind action as such
is rarely considered for its unpredictive behaviour
and difficult and time-consuming assessment. This
study aims to contribute to this discussion and to
the topic of roofing the ruins as a long-term solu-
tion.
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Figure 1. Model idealisation of the Trnava fortification tower, with simulated wind flow directions on the right
bottom corner.

The geometry of a roofed ruin is determined by the
geometry of the ruin itself as well as the geometry of
the roof. The geometry of the ruin is closely related to
the typology of the original object and the degree of its
destruction. Roof geometry is related to the position
of the roof in relation to the ruin, according to which
roofs are divided into typologies – covering structures
over the ruins or their entire site, protective structures
with roof structures laid directly on the ruins, and
protective structures with roof structures inserted
into the ruins, the so-called containers [6, 7]. The
morphology of the roof is a result of the differentiation
and combination of the architectural characteristics
of the roof structure itself, as well as of the distance
from the ruin, if the roof is not directly laid on it.

The degree to which ruins are exposed to wind is
closely related to the geometry of the resulting object.
In terms of architectural design, the effects can be
seen in changes in proportion, changes in shape, and
the creation of architectural and structural details in
the contact zone between the roof structure and the
ruin [8–11]. From a purely geometric point of view,
two parameters are of interest when analysing the
geometry of the roof’s contact with the ruin – in the
vertical direction, the height of the roof installation,
respectively its distance from the ruin, and in the
horizontal direction, the size of the overlap of the roof
in front of the face of the ruin, respectively the size
of the embedding behind its face. There are two roof
height limits that need to be considered. A preserved
ruin’s height is the limit within which a roofing instal-
lation should be set in the interest of presenting the
ruin as a dominant part in the presentation method-
ology. The second height is the original roof height,
if that information can be located through historical
structure research.

The present article follows on from considerations
that have examined the effectiveness of covering struc-
tures over ruins in order to protect them from de-
terioration [12–15]. In addition, it analyses the ef-
fectiveness of structures placed directly on the ruin
as a means of protection, illustrating this with the
aid of a wind study of flow changes caused by a spe-
cific variant of roofing. From a philosophical and

methodological point of view, it relies on studies that
are thematically similar [16, 17], considering monu-
ment material as a backbone of culturally and eco-
logically sustainable development and genius loci [18],
reflected in different spatial scales and origins [19–
23]. In doing so, it uses an idealised model of the
ruin of the south-eastern corner tower of the Trnava
fortifications that was previously identified as high
cultural value location, currently undergoing stabili-
sation of method of its presentation [24], and as one
of the potential climatically vulnerable locations [25].
Its various roofing solutions were analysed from an
architectural-monumental point of view [26, 27]. From
a wide range of possible geometric and structural so-
lutions for the roof of the ruin, it chose a flat roof
over the ruin, a characteristic compromise between
the effort to protect the ruin structure and the inten-
tion of minimising interference with the architectural
context.

2. Materials and methods
The presented ruin of the south-eastern corner tower
of the city fortifications in Trnava, located near the
city amphitheatre. Currently, it forms an open ob-
ject with an almost square base with an approximate
side length of 8.5 m and a height of approximately
6.5 m. The thickness of the masonry is not constant
along the height, the locations of the former ceiling
structures are indicated by thinning, so the thickness
of the masonry reaches approximately 2.6 m at the
base and 2 m at the head. Due to the destruction
of the inner corner of the building, the ground plan
footprint of the building can be roughly interpreted
as the letter C. The remains of the eastern curtain of
the fortification connect to the tower from the north.
The two structures are of the same height. On the
masonry heads, a thin concrete slab is mounted with
a slight overlap to protect the masonry head from
weathering.

In this and previous work, the current state of the
tower has been idealised and some urban and archi-
tectural features have been abstracted in Figure 1.
A plane was used to replace the diverse terrain con-
figuration related to the presentation of this section
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Figure 2. Matrix of considered roofs, alternating the height and overhang of the new roof, simulated branches of
roofing alternatives marked in red.

of the fortification on the exterior rampart. The sur-
rounding buildings, as well as greenery, which would
interfere with the run-up area of the flow, were not
considered. Similarly, the eastern curtain on the north
side of the tower was also ignored, which made the
building free-standing. Thus, a general situation was
created with the aim of generalising boundary condi-
tions and increasing the applicability of the observed
changes in wind action and impact, caused precisely
by manipulating the parameters of the roof covering
structure. Moreover, the architectural details were ab-
stracted, unique for the particular tower – such as the
overhang of the concrete protective plate, the gunshot
holes, the characteristic toothing of the masonry faces
of the destroyed corner, and the difference in surface
roughness between locations where different building
materials were used was excluded as well.

The effect of a specific roof variant on the wind flow
around a ruin is determined by observing two aspects
of the roof-ruin relationship – the offset between the
roof and the ruin (height of the spacer) and the size
of the roof overlap, which can also be negative in size
and set behind the ruin’s masonry face. The charac-
teristic dimension of the gradation between the two
relationships was chosen as a quarter of the masonry
thickness, in this case 0.5 m. This dimension is signif-
icant in architectural scale and is assumed to cause
considerable changes in the monitored values of wind
action. The extreme values of the roof overlap are
1.5 m behind the face of the masonry (branch A) and
2.0 m in front of the face (branch H), with offsets rang-
ing from absolute contact (branch 1) to 2 m (branch 5).
Board bodies representing a simplified flat roof ge-
ometry have a thickness of 0.5 meters. Based on the
matrix of alternatives, a grid has been formed, which
scales the overlap size in the direction of alternatives
A–H, and the offset size from the ruin in the direction
of alternatives 1–5 in Figure 2. Thus, the conventional
design variants of covering roofs with overhang are
simulated, while architectural approaches with finer,
more subtle details are also being tested.

The experimental investigations were carried out
in Boundary Layer Wind Tunnels (BLWT), where
atmospheric circulation is simulated. Special devices,
such as grids, foils and walls were used along the
wind tunnel. The BLWT wind tunnel in Bratislava
was designed with open-circuit scheme and two test
sections. All the tests were conducted in the rear
working section 2.6 m wide, 1.6 m high, and with 15 m
long boundary layer (BL) simulation. 2.4 m diameter
turntable allows to investigate different directions of
incoming wind. The operating wind speed range is
from 0.2 to 32 m s−1. The mean wind velocity and
intensity of turbulence profiles were simulated with
plastic foil and a 150 mm wall. The BL simulations
proved to be in good agreement with logarithmic law.
The BL simulation with a value of roughness length
z0 = 0.7 m is between terrain categories III and IV.
A 1:200 scale model have been selected for the study.
Pneumatic transducer DSA 3217 made by Scanivalve
was used to synchronously measure wind pressure on
the principal building. This transducer had 16 indi-
vidual, temperature compensated, piezoresistive pres-
sure sensors, an A/D converter, and a microprocessor.
Measuring process consisted of vinyl tubes, a circular
pneumatic connector, and a pressure scanner with
a rate of 500 samples/chan/sec. Pressure coefficients
were developed from continuous sampling at about
500 samples per second over a period of about 30 s, cor-
responding to 39 min length in the full scale. Reference
velocity was measured with Hot Wire Anemometry,
MiniCTA 54T42 with a miniature wirestraight probe,
type 55P11 from Dantec Dynamics. A static pitot
tube was used to measure static pressure.

The wind flow simulations were performed using
ANSYS Fluent software. The dimensions of the com-
putational domain were 2.6 × 1.6 × 4.8 m and were
based on the maximum dimension of the idealised
model [28] in a scale that was previously used in the
calibration of the computational procedure by com-
paring the results of the exterior pressure coefficient
cpe,mean with experimental measurements. The com-
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Figure 3. Flow velocity U
U0

profiles obtained by calculation in CFD and experimental measurement in BLWT.

putational mesh was polyhedral with Growth Rate
and Sizing limited to 1.1, with the assignment of
Smooth Transition Inflation conditions for the first
five layers above the terrain surface, and First Layer
Thickness Inflation for the first five layers with a thick-
ness of the first layer of 1 mm and a Sizing of 1 mm
for the surface of the idealised ruin model, as well
as the roofing. The numbers of mesh nodes ranged
from 1.67 to 2.92 million and elements from 6.04 to
10.85 million (different rotations of the model when
simulating multiple wind flow directions and differ-
ent roof alternatives produced different numbers of
mesh nodes and elements). There was a logarithmic
wind profile with an aerodynamic roughness length
of 0.7 m at the full scale set for the input area, sym-
metry with zero gradients for the top and side planes
of the computational domain, uniform roughness of
0.5 mm height and 0.5 roughness constant for the ruin
model, and 0.7 roughness constant for the terrain
surface of 1.79 mm height. Reynolds-averaged Navier-
Stokes Shear Stress Transport k-ω calculation model
was chosen and flow simulations were performed as
pressure based, time steady with no production lim-
iter, and curvature correction, with max residue value

set to 10−5. Experimental and CFD results obtained
using the given turbulence model and internal set-
tings were in sufficient agreement,as can be seen in
Figures 3, and 4, [29].

From the roof alternatives matrix, three branches
were selected and simulated – A and H with minimum
and maximum roof overlap, and middle branch D with
no roof overlap and identical footprints for the roof
and the ruin, as can be seen in Figure 2. Based on
previous work [29], wind flows were simulated in three
selected directions. The values of the exterior pressure
coefficient cpe and the surface friction coefficient cf

were monitored, given by the equations:

cpe = p − ps
1
2 ρ0.v2

ref

, (1)

cf = τw
1
2 ρ0.v2

ref

, (2)

where
p local static pressure [Pa],
ps free stream mean static pressure [Pa],
ρ air density [kg m−3],
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Figure 4. Turbulence intensity It profiles obtained by calculation in CFD and experimental measurement in BLWT.

vref reference wind flow velocity [m s−1], which was
13.616 m s−1,

τw local shear stress [Pa] [8, 30].

In the results post-processor, the position of the refer-
ence point in the calculation domain determines the
values of both monitored coefficients. All simulated
alternatives had the same position of this point set at
the highest roofing alternative’s height.

The mean values of the monitored coefficients were
observed separately on the surfaces of the masonry
head, exposed to high negative pressure values, the
windward side (WW or short in tables), the most
exposed to positive pressure, the leeward side (LW),
and on the entire surface (ES) of the ruin model
for the overall illustration of the protection of the
ruin by the roof variant, see Table 1. The values
were compared with those obtained flow around the
ruin model without a roof, see Tables 2, 3 and 4. To
assess the impact of individual roofing alternatives, the
three differences in the observed coefficients obtained
by simulating flow in three selected directions were
averaged, see Table 5. The impact of other roofing

alternatives, located on the unselected branches of
the alternative matrix in Figure 2, was estimated by
interpolation.

3. Results
Figure 5 shows a histogram of mean changes in
cpe,mean values on the entire ruin model surface,
grouped by roof overhang size from smallest to largest
from roof alternative branch A to branch H. The most
significant change within individual branches A–H
was achieved by roof alternative 1, indicating that
roof alternatives with direct contact with the ruin
have the greatest impact on cpe,mean values, which
decrease with increasing distance from the ruin. The
A1 roofing alternative disturbs this impression. When
the roof in alternatives 2–5 is set at a certain distance
from the ruin, however, the induced changes follow
the expected pattern. Increasing values of the changes
between the individual branches A–H indicate a direct
relationship between the roofing overlap size and the
change size. Roof alternative H1, i.e. roofing with the
largest overlap in direct contact with the ruin, showed
the largest change in cpe,mean +0.099 (−39.5 %).
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cpe,mean,22.5° cpe,mean,247.5° cpe,mean,315°
Head WW LW ES Head WW LW ES Head WW LW ES

- −0.601 0.151 −0.485 −0.327 −0.601 0.159 −0.486 −0.33 −0.657 0.302 −0.4 −0.187
A1 −0.631 0.165 −0.432 −0.286 −0.605 0.17 −0.434 −0.286 −0.575 0.319 −0.381 −0.151
A2 −0.502 0.175 −0.427 −0.272 −0.503 0.185 −0.427 −0.273 −0.502 0.315 −0.368 −0.147
. . .
H4 −0.595 0.159 −0.443 −0.297 −0.541 0.189 −0.385 −0.251 −0.499 0.328 −0.374 −0.145
H5 −0.614 0.157 −0.461 −0.311 −0.609 0.163 −0.458 −0.31 −0.527 0.321 −0.371 −0.149

Table 1. A partial table with cpe,mean values for three selected flow directions. See appendices for full table
(Table 6).

cpe,mean,22.5°,diff = cpe,mean,22.5°,N − cpe,mean,22.5°
Head Windward Leeward Entire Surface

A1 −0.03 5 % 0.015 10 % 0.053 −11 % 0.041 −13 %
A2 0.099 −17 % 0.024 16 % 0.058 −12 % 0.054 −17 %
. . .
H3 0.058 −10 % 0.018 12 % 0.077 −16 % 0.059 −18 %
H4 0.006 −1 % 0.009 6 % 0.042 −9 % 0.029 −9 %
H5 −0.013 2 % 0.006 4 % 0.024 −5 % 0.016 −5 %

Table 2. A partial table with whole and percentage differences between the cpe,mean values on the surface of
the alternatively roofed ruin model and model without roof for flow direction 22.5°. See appendices for full table
(Table 7).

cpe,mean,247.5°,diff = cpe,mean,247.5°,N − cpe,mean,247.5°
Head Windward Leeward Entire Surface

A1 −0.004 1 % 0.011 7 % 0.052 −11 % 0.043 −13 %
A2 0.098 −16 % 0.026 16 % 0.06 −12 % 0.056 −17 %
. . .
H4 0.06 −10 % 0.03 19 % 0.101 −21 % 0.079 −24 %
H5 −0.007 1 % 0.004 2 % 0.029 −6 % 0.019 −6 %

Table 3. A partial table with whole and percentage differences between the cpe,mean values on the surface of the
alternatively roofed ruin model and model without roof for flow direction 247.5°. See appendices for full table
(Table 8).

cpe,mean,315°,diff = cpe,mean,315°,N − cpe,mean,315°
Head Windward Leeward Entire Surface

A1 0.083 −13 % 0.017 6 % 0.019 −5 % 0.036 −19 %
A2 0.155 −24 % 0.013 4 % 0.031 −8 % 0.04 −21 %
. . .
H4 0.159 −24 % 0.026 9 % 0.025 −6 % 0.042 −22 %
H5 0.131 −20 % 0.019 6 % 0.028 −7 % 0.038 −20 %

Table 4. A partial table with whole and percentage differences between the cpe,mean values on the surface of
the alternatively roofed ruin model and model without roof for flow direction 315°. See appendices for full table
(Table 9).
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cpe,mean,mean_diff =
cpe,mean,22.5°,N + cpe,mean,247.5°,N + cpe,mean,315°

3
Head Windward Leeward Entire Surface

A1 0.16 −2 % 0.014 7 % 0.041 −9 % 0.04 −15 %
A2 0.18 −19 % 0.021 12 % 0.05 −11 % 0.05 −18 %
. . .
H4 0.75 −12 % 0.022 11 % 0.056 −12 % 0.05 −18 %
H5 0.37 −6 % 0.01 4 % 0.027 −6 % 0.024 −10 %

Table 5. A partial table with mean differences of cpe,mean values on the surface of the alternatively roofed ruin
model and model without roof. See appendices for full table (Table 10).

Figure 5. Histogram of mean changes in cpe,mean on the entire surface of ruin model.

Figure 6 shows a histogram of mean changes in
cpe,mean values on the ruin masonry head. The largest
monitored change (−100 %) represents the roof cov-
ering the head completely. Similarly, the monitored
changes follow a similar pattern of dependency as
the values monitored across the entire surface – larger
changes are induced by closer roofing alternatives with
a larger overlap. The second greatest value of change
cpe,mean +0.197 (−31.2 %) is observed by alternative

H2, i.e. roofing with the largest overlap, 0.5 m away
from the ruin.

Figure 7 shows a histogram of mean changes in
cpe,mean values on windward surfaces of the ruin model.
Except for the difference between A1 and A2, where
A2 roofing alternatives without direct contact with
the ruin result in greater changes, they show similar
development patterns. Changes monitored for the
most distant roof alternatives 5 are close to negligible.
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Figure 6. Histogram of mean changes in cpe,mean on the ruin masonry heads.

Figure 7. Histogram of mean changes in cpe,mean on the windward faces of the ruin model.
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Figure 8. Histogram of mean changes in cpe,mean on the windward faces of the ruin model.

The largest value of change cpe,mean +0.052 (+26.7 %)
is induced by alternative H1.

Figure 8 shows a histogram of mean changes in
cpe,mean values on the leeward surfaces of the ruin
model surface. Observed values do not confirm the
previous development pattern that larger changes are
induced by roofs in contact with the ruin – the greatest
changes are observed in alternative 2, which is 0.5
meters off the crown of the masonry (or alternative 3 in
case of the branch A, but with only a small difference).
H2 alternative caused the largest value of change in
cpe,mean +0.091 (−20.0 %).

Figure 9 shows a histogram of mean changes in
cf,mean values on the entire surface of the ruin model.
According to alternatives 2–5, cf,mean only increases
between branches A–D. There is no significant ef-
fect on the values by increasing overlap size beyond
branch D. There is an almost linear decline in the
values depending on the size of the overlap in roof
alternative 1. Compared to D and H, branch A has
a different development pattern in value, based on off-

set size. Alternative 5 produces the greatest positive
changes in branch A, while alternative 4 produces the
greatest negative changes in branches D and H. The
largest value of negative change cf,mean −1.48 × 10−3

(−33.6 %) is caused by alternative H1, and positive
change +3.17×10−4 (+8.0 %) by alternative D4 (very
similar value to other 4 alternatives).

Figure 10 shows a histogram of mean changes in
cf,mean values on the ruin masonry head. The val-
ues increase in relation to the roof overlap size. The
growth rate between branches A–D and D–H, however,
differs. Branch A has a different character when it
comes to the dependence of cf,mean on the roof offset
than branches D and H. Between alternatives 2 and 4
the change in cf,mean increases and then decreases for
branch A. For branches D, H, however, the change in
cf,mean is purely descending. The largest observed neg-
ative change in cf,mean value −2.95 × 10−4 (−11.2 %)
is caused by the roofing alternative A2, the largest
positive change +5.16×10−3 (+83.3 %) by alternative
H2.

558



vol. 64 no. 6/2024 Simulation of wind flow around fortress tower ruin

Figure 9. Histogram of mean changes in cf,mean on the entire surface of ruin model.

Figure 10. Histogram of mean changes in cf,mean on the ruin masonry heads.

559



M. Poliak, M. Franek, J. Gregorová Acta Polytechnica

Figure 11. Histogram of mean changes in cf,mean on the windward faces of the ruin model.

Figure 12. Histogram of mean changes in cf,mean on the leeward faces of the ruin model.

Figure 11 shows a histogram of mean changes in
cf,mean values on windward surfaces of the ruin model
surface. All monitored values are negative and have
a related decreasing character in the direction of
branches A–H and alternatives 1–5, apart from the di-
rect contact roof alternative A1, which causes smaller
negative changes than the following alternative A2

with a slight offset of the roof from the ruin. When
a certain value is reached, the effect of the roof offset
from the ruin on the change in cf,mean values vanishes.
The largest negative change of −2.18×10−3 (−23.6 %)
is observed for roofing alternative H1.

Figure 12 shows a histogram of mean changes
in cf,mean values on the leeward surfaces of the
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Figure 13. 3D illustration of external pressure coefficient cpe,mean distribution, skin friction coefficient cf,mean
distribution, and streamlines at middle vertical plane.

ruin model surface. Value changes increase be-
tween branches A–D (except for alternative 3, for
which they are almost constant) and decrease be-
tween branches D–H. The largest positive change
+1.75 × 10−4 (+11.3 %) is observed for the roofing al-
ternative D4, the largest negative change −6.21×10−4

(−39.7 %) for the alternative H1.

4. Discussion
Changes in cpe,mean and cf,mean are calculated from
averaging the changes observed in the three selected
flow directions. The nature of the change development
as a function of the roof offset and overhang sizes is

derived from the flow simulation around selected three
of the eight branches, set by the matrix of alternatives.

When trying to evaluate the optimal roofing alterna-
tive from the point of view of the changes in the values
of the observed coefficients, it is critical to remember
the baseline values of the coefficients in the initial
state of the ruin without roofing. The shift towards
zero is generally considered to be a positive change, so
positive change in cpe,mean values are preferred on the
entire surface, the masonry head and leeward faces,
where the original cpe,mean is negative. In windward
faces, when the original cpe,mean reaches positive val-
ues, negative changes in value are preferred. From
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Figure 14. 3D illustration of external pressure coefficient cpe,mean distribution, skin friction coefficient cf,mean
distribution, and streamlines at middle vertical plane.

the point of view of observed cf,mean values, negative
changes are evaluated as positive.

From the point of view of the cpe,mean values on the
entire surface of the ruin model, the roofing alterna-
tives with direct contact with the ruin with as much
overlap as possible appear to be more suitable, even
though they worsen values on the windward faces and
do not cause the greatest positive changes on the lee-
ward faces. From the perspective of cf,mean values, the
suitability of such roofing alternatives is confirmed.

From the stance of cpe,mean values, alternatives
placed as close to the masonry head with as much
overhang as possible appear to be more suitable when

direct contact with the ruin is methodologically un-
desirable. However, these alternatives may be con-
troversial from the perspective of cf,mean values over
the entire ruin surface, particularly on the masonry
head, where a significant increase in values is observed.
This phenomenon has been attributed to the manip-
ulation of flow directions between the head and the
roof, where the streamlines take a parallel path, see
Figures 13 and 14. Thus, this study did not identify
an ideal alternative of roof without direct contact with
the ruin.

By adding more flow directions and roof alternative
branches, the observed values and the development
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patterns of the monitored coefficients could be verified.
Including branches B and C in the simulations would
clarify the changes between maximum embedment
and zero overhang of the roof, as the A branch show
patterns different to branches D and H. It might prove
beneficial to also include intermediate values of the
roof offset between alternatives 1 with direct contact
and 2 with the offset size of 0.5 m, since these alterna-
tives are most likely to exhibit atypical development
patterns. Simulation of other shapes and types of
covering roof would be beneficial in quantification of
overhang and distance of the roof as protective design
parameters.

5. Conclusion
The paper presented the effect of the offset and over-
hang of the board body over the ruin, representing
the construction of a flat roof, on the changes in the
mean values of external pressure coefficient cpe and
the surface friction coefficient cf on the entire surface
of the selected ruin model, the masonry head, wind-
ward and leeward faces. There was a 0.5 m gradually
increasing distance between the roof and the ruin, cal-
culated as a quarter of its masonry thickness. In the
monitored coefficients, two noticeable changes were
observed – those with large overhangs and close to
the ruin showed the most significant changes. Two
interesting roofing alternatives were determined. The
first one is the alternative with direct contact with
the ruin and the largest overhang, which caused the
largest positively evaluated change in cpe,mean value
over the entire surface of the ruin model, even though
it produced a negatively evaluated change in cpe,mean
value on the windward side. The second one is with
a close offset from the ruin and the largest overlap,
which caused the greatest positive change in cpe,mean
value on the leeward faces, but a negative change in
cf,mean value on the masonry head.
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Appendix A.

cpe,mean,22.5° cpe,mean,247.5° cpe,mean,315°
Head WW LW ES Head WW LW ES Head WW LW ES

- −0.601 0.151 −0.485 −0.327 −0.601 0.159 −0.486 −0.33 −0.657 0.302 −0.4 −0.187
A1 −0.631 0.165 −0.432 −0.286 −0.605 0.17 −0.434 −0.286 −0.575 0.319 −0.381 −0.151
A2 −0.502 0.175 −0.427 −0.272 −0.503 0.185 −0.427 −0.273 −0.502 0.315 −0.368 −0.147
A3 −0.566 0.165 −0.437 −0.289 −0.56 0.174 −0.419 −0.277 −0.53 0.307 −0.363 −0.149
A4 −0.597 0.154 −0.466 −0.313 −0.586 0.165 −0.455 −0.306 −0.574 0.314 −0.356 −0.149
A5 −0.601 0.152 −0.469 −0.316 −0.593 0.156 −0.471 −0.318 −0.612 0.307 −0.394 −0.175
D1 0 0.201 −0.431 −0.241 0 0.199 −0.441 −0.252 0 0.348 −0.386 −0.1
D2 −0.496 0.176 −0.413 −0.263 −0.488 0.188 −0.397 −0.252 −0.414 0.327 −0.355 −0.125
D3 −0.579 0.166 −0.436 −0.289 −0.564 0.18 −0.416 −0.275 −0.468 0.324 −0.335 −0.122
D4 −0.612 0.163 −0.456 −0.306 −0.585 0.174 −0.425 −0.284 −0.519 0.318 −0.351 −0.138
D5 −0.623 0.152 −0.472 −0.32 −0.608 0.158 −0.47 −0.319 −0.559 0.313 −0.37 −0.154
H1 0 0.197 −0.489 −0.279 0 0.203 −0.369 −0.2 0 0.368 −0.342 −0.066
H2 −0.474 0.184 −0.394 −0.246 −0.468 0.193 −0.385 −0.241 −0.327 0.355 −0.318 −0.086
H3 −0.543 0.168 −0.408 −0.267 −0.528 0.191 −0.387 −0.25 −0.392 0.345 −0.316 −0.095
H4 −0.595 0.159 −0.443 −0.297 −0.541 0.189 −0.385 −0.251 −0.499 0.328 −0.374 −0.145
H5 −0.614 0.157 −0.461 −0.311 −0.609 0.163 −0.458 −0.31 −0.527 0.321 −0.371 −0.149

Table 6. Table with cpe,mean values for three selected flow directions.

cpe,mean,22.5°,diff = cpe,mean,22.5°,N − cpe,mean,22.5°
Head Windward Leeward Entire Surface

A1 −0.03 5 % 0.015 10 % 0.053 −11 % 0.041 −13 %
A2 0.099 −17 % 0.024 16 % 0.058 −12 % 0.054 −17 %
A3 0.035 −6 % 0.014 9 % 0.048 −10 % 0.038 −12 %
A4 0.005 −1 % 0.003 2 % 0.02 −4 % 0.014 −4 %
A5 0.001 0 % 0.002 1 % 0.016 −3 % 0.011 −3 %
D1 0.601 −100 % 0.05 33 % 0.054 −11 % 0.086 −26 %
D2 0.106 −18 % 0.025 17 % 0.073 −15 % 0.064 −20 %
D3 0.022 −4 % 0.015 10 % 0.049 −10 % 0.038 −12 %
D4 −0.011 2 % 0.013 8 % 0.029 −6 % 0.021 −6 %
D5 −0.021 4 % 0.002 1 % 0.013 −3 % 0.007 −2 %
H1 0.601 −100 % 0.046 31 % −0.004 1 % 0.047 −14 %
H2 0.127 −21 % 0.033 22 % 0.091 −19 % 0.08 −25 %
H3 0.058 −10 % 0.018 12 % 0.077 −16 % 0.059 −18 %
H4 0.006 −1 % 0.009 6 % 0.042 −9 % 0.029 −9 %
H5 −0.013 2 % 0.006 4 % 0.024 −5 % 0.016 −5 %

Table 7. Whole and percentual differences between the cpe,mean values on the surface of the alternatively roofed
ruin model and model without roof for flow direction 22.5°.
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cpe,mean,247.5°,diff = cpe,mean,247.5°,N − cpe,mean,247.5°
Head Windward Leeward Entire Surface

A1 −0.004 1 % 0.011 7 % 0.052 −11 % 0.043 −13 %
A2 0.098 −16 % 0.026 16 % 0.06 −12 % 0.056 −17 %
A3 0.041 −7 % 0.015 9 % 0.068 −14 % 0.052 −16 %
A4 0.016 −3 % 0.006 4 % 0.031 −6 % 0.024 −7 %
A5 0.008 −1 % −0.003 −2 % 0.016 −3 % 0.011 −3 %
D1 0.601 −100 % 0.04 25 % 0.046 −9 % 0.078 −24 %
D2 0.113 −19 % 0.029 18 % 0.089 −18 % 0.077 −23 %
D3 0.037 −6 % 0.021 13 % 0.071 −15 % 0.055 −17 %
D4 0.016 −3 % 0.015 10 % 0.062 −13 % 0.046 −14 %
D5 −0.007 1 % −0.001 −1 % 0.017 −3 % 0.011 −3 %
H1 0.601 −100 % 0.044 28 % 0.118 −24 % 0.13 −39 %
H2 0.134 −22 % 0.034 21 % 0.101 −21 % 0.088 −27 %
H3 0.073 −12 % 0.032 20 % 0.099 −20 % 0.08 −24 %
H4 0.06 −10 % 0.03 19 % 0.101 −21 % 0.079 −24 %
H5 −0.007 1 % 0.004 2 % 0.029 −6 % 0.019 −6 %

Table 8. Whole and percentual differences between the cpe,mean values on the surface of the alternatively roofed
ruin model and model without roof for flow direction 247.5°.

cpe,mean,315°,diff = cpe,mean,315°,N − cpe,mean,315°
Head Windward Leeward Entire Surface

A1 0.083 −13 % 0.017 6 % 0.019 −5 % 0.036 −19 %
A2 0.155 −24 % 0.013 4 % 0.031 −8 % 0.04 −21 %
A3 0.127 −19 % 0.005 2 % 0.036 −9 % 0.037 −20 %
A4 0.084 −13 % 0.012 4 % 0.043 −11 % 0.038 −20 %
A5 0.045 −7 % 0.004 1 % 0.006 −1 % 0.011 −6 %
D1 0.657 −100 % 0.046 15 % 0.014 −3 % 0.086 −46 %
D2 0.243 −37 % 0.025 8 % 0.045 −11 % 0.061 −33 %
D3 0.189 −29 % 0.022 7 % 0.064 −16 % 0.065 −35 %
D4 0.138 −21 % 0.016 5 % 0.049 −12 % 0.049 −26 %
D5 0.098 −15 % 0.011 3 % 0.03 −7 % 0.032 −17 %
H1 0.657 −100 % 0.066 22 % 0.057 −14 % 0.121 −65 %
H2 0.331 −50 % 0.053 18 % 0.082 −20 % 0.101 −54 %
H3 0.266 −40 % 0.043 14 % 0.084 −21 % 0.092 −49 %
H4 0.159 −24 % 0.026 9 % 0.025 −6 % 0.042 −22 %
H5 0.131 −20 % 0.019 6 % 0.028 −7 % 0.038 −20 %

Table 9. Whole and percentual differences between the cpe,mean values on the surface of the alternatively roofed
ruin model and model without roof for flow direction 315°.
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cpe,mean,mean_diff =
cpe,mean,22.5°,N + cpe,mean,247.5°,N + cpe,mean,315°

3
Head Windward Leeward Entire Surface

A1 0.016 −2 % 0.014 7 % 0.041 −9 % 0.04 −15 %
A2 0.118 −19 % 0.021 12 % 0.05 −11 % 0.05 −18 %
A3 0.068 −11 % 0.012 7 % 0.051 −11 % 0.042 −16 %
A4 0.035 −5 % 0.007 3 % 0.031 −7 % 0.025 −11 %
A5 0.018 −3 % 0.001 0 % 0.013 −3 % 0.011 −4 %
D1 0.62 −100 % 0.045 25 % 0.038 −8 % 0.084 −32 %
D2 0.154 −24 % 0.026 14 % 0.069 −15 % 0.068 −25 %
D3 0.083 −13 % 0.019 10 % 0.061 −14 % 0.053 −21 %
D4 0.048 −7 % 0.015 8 % 0.047 −10 % 0.038 −15 %
D5 0.023 −3 % 0.004 1 % 0.02 −5 % 0.016 −8 %
H1 0.62 −100 % 0.052 27 % 0.057 −13 % 0.099 −39 %
H2 0.197 −31 % 0.04 20 % 0.091 −20 % 0.09 −35 %
H3 0.132 −21 % 0.031 15 % 0.087 −19 % 0.077 −31 %
H4 0.075 −12 % 0.022 11 % 0.056 −12 % 0.05 −18 %
H5 0.037 −6 % 0.01 4 % 0.027 −6 % 0.024 −10 %

Table 10. Mean differences of cpe,mean values on the surface of the alternatively roofed ruin model and model
without roof.

cf,mean,22.5°
Head Windward Leeward Entire surface

- 5.83 × 10−3 8.45 × 10−3 1.67 × 10−3 3.96 × 10−3

A1 5.63 × 10−3 8.47 × 10−3 1.19 × 10−3 3.60 × 10−3

A2 4.35 × 10−3 8.19 × 10−3 9.61 × 10−4 3.29 × 10−3

A3 6.00 × 10−3 8.36 × 10−3 1.65 × 10−3 3.95 × 10−3

A4 6.72 × 10−3 8.52 × 10−3 1.76 × 10−3 4.14 × 10−3

A5 6.53 × 10−3 8.53 × 10−3 1.77 × 10−3 4.12 × 10−3

D1 - 7.34 × 10−3 1.23 × 10−3 3.08 × 10−3

D2 9.44 × 10−3 7.98 × 10−3 1.45 × 10−3 4.11 × 10−3

D3 9.19 × 10−3 8.46 × 10−3 1.62 × 10−3 4.31 × 10−3

D4 8.47 × 10−3 8.56 × 10−3 1.85 × 10−3 4.40 × 10−3

D5 7.86 × 10−3 8.64 × 10−3 1.88 × 10−3 4.37 × 10−3

H1 - 6.38 × 10−3 8.50 × 10−4 2.53 × 10−3

H2 1.13 × 10−2 7.79 × 10−3 1.35 × 10−3 4.19 × 10−3

H3 1.02 × 10−2 8.12 × 10−3 1.57 × 10−3 4.31 × 10−3

H4 9.27 × 10−3 8.43 × 10−3 1.70 × 10−3 4.35 × 10−3

H5 8.61 × 10−3 8.53 × 10−3 1.87 × 10−3 4.42 × 10−3

Table 11. cf,mean values for flow direction 22.5°.
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cf,mean,247.5°
Head Windward Leeward Entire surface

- 5.09 × 10−3 8.51 × 10−3 1.50 × 10−3 3.75 × 10−3

A1 5.22 × 10−3 8.44 × 10−3 9.72 × 10−4 3.38 × 10−3

A2 3.75 × 10−3 8.19 × 10−3 1.32 × 10−3 3.41 × 10−3

A3 5.48 × 10−3 8.29 × 10−3 1.42 × 10−3 3.70 × 10−3

A4 6.25 × 10−3 8.58 × 10−3 1.58 × 10−3 3.96 × 10−3

A5 6.50 × 10−3 8.55 × 10−3 1.58 × 10−3 4.00 × 10−3

D1 - 7.24 × 10−3 1.28 × 10−3 3.04 × 10−3

D2 9.33 × 10−3 8.03 × 10−3 1.42 × 10−3 4.06 × 10−3

D3 8.79 × 10−3 8.26 × 10−3 1.60 × 10−3 4.17 × 10−3

D4 7.81 × 10−3 8.29 × 10−3 1.76 × 10−3 4.17 × 10−3

D5 7.64 × 10−3 8.53 × 10−3 1.70 × 10−3 4.18 × 10−3

H1 - 6.28 × 10−3 7.53 × 10−4 2.39 × 10−3

H2 1.12 × 10−2 7.74 × 10−3 1.36 × 10−3 4.15 × 10−3

H3 1.01 × 10−2 8.11 × 10−3 1.46 × 10−3 4.19 × 10−3

H4 8.79 × 10−3 8.07 × 10−3 1.68 × 10−3 4.17 × 10−3

H5 8.57 × 10−3 8.61 × 10−3 1.64 × 10−3 4.26 × 10−3

Table 12. cf,mean values for flow direction 247.5°.

cf,mean,315°
Head Windward Leeward Entire surface

- 1.06 × 10−2 1.12 × 10−2 1.48 × 10−3 5.84 × 10−3

A1 9.61 × 10−3 1.09 × 10−2 1.31 × 10−3 5.48 × 10−3

A2 1.26 × 10−2 1.09 × 10−2 1.32 × 10−3 5.89 × 10−3

A3 1.19 × 10−2 1.08 × 10−2 1.44 × 10−3 5.88 × 10−3

A4 1.17 × 10−2 1.08 × 10−2 1.46 × 10−3 5.85 × 10−3

A5 1.14 × 10−2 1.10 × 10−2 1.46 × 10−3 5.88 × 10−3

D1 - 1.01 × 10−2 1.36 × 10−3 4.75 × 10−3

D2 1.32 × 10−2 1.06 × 10−2 1.32 × 10−3 5.87 × 10−3

D3 1.28 × 10−2 1.05 × 10−2 1.29 × 10−3 5.78 × 10−3

D4 1.23 × 10−2 1.07 × 10−2 1.57 × 10−3 5.93 × 10−3

D5 1.19 × 10−2 1.07 × 10−2 1.43 × 10−3 5.84 × 10−3

H1 - 8.91 × 10−3 1.18 × 10−3 4.19 × 10−3

H2 1.46 × 10−2 1.01 × 10−2 1.11 × 10−3 5.72 × 10−3

H3 1.40 × 10−2 1.04 × 10−2 1.37 × 10−3 5.93 × 10−3

H4 1.36 × 10−2 1.07 × 10−2 1.31 × 10−3 5.95 × 10−3

H5 1.26 × 10−2 1.06 × 10−2 1.17 × 10−3 5.75 × 10−3

Table 13. cf,mean values for flow direction 315°.
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cf,mean,22.5°,diff = cf,mean,22.5°,N − cf,mean,22.5°
Head Windward Leeward Entire Surface

A1 −1.95 × 10−4 −3 % 1.45 × 10−5 0 % −4.77 × 10−4 −29 % −3.59 × 10−4 −9 %
A2 −1.48 × 10−3 −25 % −2.62 × 10−4 −3 % −7.07 × 10−4 −42 % −6.67 × 10−4 −17 %
A3 1.74 × 10−4 3 % −9.31 × 10−5 −1 % −1.65 × 10−5 −1 % −1.08 × 10−5 0 %
A4 8.90 × 10−4 15 % 6.46 × 10−5 1 % 9.60 × 10−5 6 % 1.82 × 10−4 5 %
A5 6.99 × 10−4 12 % 7.44 × 10−5 1 % 9.85 × 10−5 6 % 1.63 × 10−4 4 %
D1 −5.83 × 10−3 −100 % −1.12 × 10−3 −13 % −4.36 × 10−4 −26 % −8.84 × 10−4 −22 %
D2 3.62 × 10−3 62 % −4.76 × 10−4 −6 % −2.17 × 10−4 −13 % 1.47 × 10−4 4 %
D3 3.36 × 10−3 58 % 9.86 × 10−6 0 % −4.68 × 10−5 −3 % 3.53 × 10−4 9 %
D4 2.64 × 10−3 45 % 1.05 × 10−4 1 % 1.82 × 10−4 11 % 4.41 × 10−4 11 %
D5 2.04 × 10−3 35 % 1.84 × 10−4 2 % 2.10 × 10−4 13 % 4.11 × 10−4 10 %
H1 −5.83 × 10−3 −100 % −2.07 × 10−3 −25 % −8.17 × 10−4 −49 % −1.43 × 10−3 −36 %
H2 5.44 × 10−3 93 % −6.65 × 10−4 −8 % −3.20 × 10−4 −19 % 2.31 × 10−4 6 %
H3 4.42 × 10−3 76 % −3.30 × 10−4 −4 % −9.95 × 10−5 −6 % 3.50 × 10−4 9 %
H4 3.45 × 10−3 59 % −2.60 × 10−5 0 % 2.93 × 10−5 2 % 3.95 × 10−4 10 %
H5 2.78 × 10−3 48 % 7.30 × 10−5 1 % 2.04 × 10−4 12 % 4.63 × 10−4 12 %

Table 14. Whole and percentual differences between the cf,mean values on the surface of the alternatively roofed
ruin model and model without roof for flow direction 22.5°.

cf,mean,247.5°,diff = cf,mean,247.5°,N − cf,mean,247.5°
Head Windward Leeward Entire Surface

A1 1.33 × 10−4 3 % −6.92 × 10−5 −1 % −5.26 × 10−4 −35 % −3.69 × 10−4 −10 %
A2 −1.34 × 10−3 −26 % −3.17 × 10−4 −4 % −1.82 × 10−4 −12 % −3.40 × 10−4 −9 %
A3 3.89 × 10−4 8 % −2.12 × 10−4 −2 % −7.59 × 10−5 −5 % −4.66 × 10−5 −1 %
A4 1.16 × 10−3 23 % 6.86 × 10−5 1 % 8.05 × 10−5 5 % 2.06 × 10−4 6 %
A5 1.42 × 10−3 28 % 4.21 × 10−5 0 % 8.05 × 10−5 5 % 2.49 × 10−4 7 %
D1 −5.09 × 10−3 −100 % −1.27 × 10−3 −15 % −2.21 × 10−4 −15 % −7.10 × 10−4 −19 %
D2 4.24 × 10−3 83 % −4.79 × 10−4 −6 % −7.55 × 10−5 −5 % 3.16 × 10−4 8 %
D3 3.70 × 10−3 73 % −2.48 × 10−4 −3 % 9.98 × 10−5 7 % 4.24 × 10−4 11 %
D4 2.73 × 10−3 54 % −2.18 × 10−4 −3 % 2.61 × 10−4 17 % 4.21 × 10−4 11 %
D5 2.55 × 10−3 50 % 2.76 × 10−5 0 % 2.01 × 10−4 13 % 4.31 × 10−4 11 %
H1 −5.09 × 10−3 −100 % −2.23 × 10−3 −26 % −7.44 × 10−4 −50 % −1.36 × 10−3 −36 %
H2 6.07 × 10−3 119 % −7.66 × 10−4 −9 % −1.42 × 10−4 −9 % 4.01 × 10−4 11 %
H3 5.00 × 10−3 98 % −3.98 × 10−4 −5 % −3.95 × 10−5 −3 % 4.45 × 10−4 12 %
H4 3.70 × 10−3 73 % −4.32 × 10−4 −5 % 1.79 × 10−4 12 % 4.23 × 10−4 11 %
H5 3.48 × 10−3 68 % 1.01 × 10−4 1 % 1.41 × 10−4 9 % 5.15 × 10−4 14 %

Table 15. Whole and percentual differences between the cf,mean values on the surface of the alternatively roofed
ruin model and model without roof for flow direction 247.5°.
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cf,mean,315°,diff = cf,mean,315°,N − cf,mean,315°
Head Windward Leeward Entire Surface

A1 −1.01 × 10−3 −10 % −2.12 × 10−4 −2 % −1.70 × 10−4 −11 % −3.63 × 10−4 −6 %
A2 1.93 × 10−3 18 % −2.82 × 10−4 −3 % −1.66 × 10−4 −11 % 4.66 × 10−5 1 %
A3 1.31 × 10−3 12 % −3.52 × 10−4 −3 % −4.13 × 10−5 −3 % 3.57 × 10−5 1 %
A4 1.04 × 10−3 10 % −3.27 × 10−4 −3 % −2.55 × 10−5 −2 % 6.22 × 10−6 0 %
A5 7.52 × 10−4 7 % −1.65 × 10−4 −1 % −2.66 × 10−5 −2 % 3.96 × 10−5 1 %
D1 −1.06 × 10−2 −100 % −1.08 × 10−3 −10 % −1.21 × 10−4 −8 % −1.09 × 10−3 −19 %
D2 2.59 × 10−3 24 % −5.99 × 10−4 −5 % −1.67 × 10−4 −11 % 2.68 × 10−5 0 %
D3 2.16 × 10−3 20 % −6.61 × 10−4 −6 % −1.93 × 10−4 −13 % −6.61 × 10−5 −1 %
D4 1.62 × 10−3 15 % −4.89 × 10−4 −4 % 8.28 × 10−5 6 % 8.79 × 10−5 2 %
D5 1.24 × 10−3 12 % −4.17 × 10−4 −4 % −5.62 × 10−5 −4 % −2.99 × 10−6 0 %
H1 −1.06 × 10−2 −100 % −2.25 × 10−3 −20 % −3.01 × 10−4 −20 % −1.66 × 10−3 −28 %
H2 3.96 × 10−3 37 % −1.09 × 10−3 −10 % −3.73 × 10−4 −25 % −1.17 × 10−4 −2 %
H3 3.42 × 10−3 32 % −7.52 × 10−4 −7 % −1.16 × 10−4 −8 % 9.19 × 10−5 2 %
H4 2.93 × 10−3 28 % −4.33 × 10−4 −4 % −1.72 × 10−4 −12 % 1.07 × 10−4 2 %
H5 2.02 × 10−3 19 % −5.22 × 10−4 −5 % −3.17 × 10−4 −21 % −8.91 × 10−5 −2 %

Table 16. Whole and percentual differences between the cf,mean values on the surface of the alternatively roofed
ruin model and model without roof for flow direction 315°.

cf,mean,mean_diff =
cf,mean,22.5°,N + cf,mean,247.5°,N + cf,mean,315°

3
Head Windward Leeward Entire Surface

A1 −3.58 × 10−4 −3 % −8.88 × 10−5 −1 % −3.91 × 10−4 −25 % −3.64 × 10−4 −8 %
A2 −2.95 × 10−4 −11 % −2.87 × 10−4 −3 % −3.52 × 10−4 −22 % −3.20 × 10−4 −8 %
A3 6.25 × 10−4 8 % −2.19 × 10−4 −2 % −4.46 × 10−5 −3 % −7.26 × 10−6 0 %
A4 1.03 × 10−3 16 % −6.47 × 10−5 0 % 5.03 × 10−5 3 % 1.31 × 10−4 3 %
A5 9.56 × 10−4 16 % −1.63 × 10−5 0 % 5.08 × 10−5 3 % 1.50 × 10−4 4 %
D1 −7.18 × 10−3 −100 % −1.16 × 10−3 −13 % −2.59 × 10−4 −16 % −8.95 × 10−4 −20 %
D2 3.48 × 10−3 57 % −5.18 × 10−4 −6 % −1.53 × 10−4 −10 % 1.63 × 10−4 4 %
D3 3.07 × 10−3 50 % −3.00 × 10−4 −3 % −4.67 × 10−5 −3 % 2.37 × 10−4 6 %
D4 2.33 × 10−3 38 % −2.01 × 10−4 −2 % 1.75 × 10−4 11 % 3.17 × 10−4 8 %
D5 1.94 × 10−3 32 % −6.85 × 10−5 0 % 1.18 × 10−4 7 % 2.80 × 10−4 7 %
H1 −7.18 × 10−3 −100 % −2.18 × 10−3 −24 % −6.21 × 10−4 −40 % −1.48 × 10−3 −34 %
H2 5.16 × 10−3 83 % −8.42 × 10−4 −9 % −2.79 × 10−4 −18 % 1.72 × 10−4 5 %
H3 4.28 × 10−3 69 % −4.93 × 10−4 −5 % −8.50 × 10−5 −5 % 2.96 × 10−4 7 %
H4 3.36 × 10−3 53 % −2.97 × 10−4 −3 % 1.23 × 10−5 1 % 3.08 × 10−4 8 %
H5 2.76 × 10−3 45 % −1.16 × 10−4 −1 % 9.30 × 10−6 0 % 2.96 × 10−4 8 %

Table 17. Mean differences of cf,mean values on the surface of the alternatively roofed ruin model and model without
roof.
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