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Abstract

The effects of bomb impacts, including the explosive force and combustion associated with these impacts, are
preserved in only a few cities across the UK. In particular, World War Two (WWII) has left scars across a wide range

of structures as a result of air raids. On immovable heritage, such as architectural structures, these impacts commonly
take the form of craters, fractures and fire damage to stonework. This instantaneous damage is subsequently exposed
to environmental stresses, such as moisture cycling, thermal stress and the movement of soluble elements and can
thus lead to further deterioration of the stone. In this study, Rock Surface Hardness (RSH) measurements, permeame-
try measurements and microscopic observations were selected to capture stone deterioration data from 80-year-old
bomb impacts on two walls of the Labour Exchange in Bath (UK) for spatial distribution analysis (Kriging) in Geo-
graphic Information Systems (GIS). The results show that the weathering forms that were found on the two walls can
be attributed to nine different types. They can provide quantitative assessment of damage caused by bomb explo-
sions and combustion in the war. The increase in permeability of walls and craters is shown to be primarily caused

by the bomb explosion and combustion, whereas the decrease of hardness is associated with subsequent stone
deterioration processes. This indicates that the interplay of initial damage likely accelerates subsequent response

to environmental stress, extending the initial damage patterns from the impact crater to larger areas of stonework.

Keywords Bomb impact, Fire, Weathering damage, Craters, Bath city

Introduction

The Labour Exchange building in Bath is a Grade II listed
building for the damage it received from the World War
Two (WWII) Luftwaffe Baedeker air-raids on 25th to
27th April 1942 (Fig. 1). As Fig. 1 shows, the structure
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originally comprised a two-story building with a pitched
roof, constructed of Bath Stone. Bath stone is an oolitic
limestone comprised of ooids and bioclastic grains [2, 3].
Its honey colour gives the World Heritage City of Bath,
England, a distinctive appearance.

Bombs are a form of damage to the built environment
resulting from air-raids and the use of ground-based
explosive devices. Bomb shrapnel impacts on stone
buildings result in surficial cratering, fracturing and
changes to material properties, such as permeability and
surface hardness. In-situ measurement of stone proper-
ties is therefore highly desirable for heritage conservation
efforts, but it is generally restricted to non-destructive
testing [4—6]. Evidence of the active targeting of sites,
as well as collateral damage when heritage is caught in
war, is widely visible around Europe and farther afield
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Fig. 1 A Labour Exchange building in Bath in 1942. B The location of WWII bombing incidents in Bath and the location of impact sites

near the Labour exchange (2 blue circles) [1]

[7] which leaves a significant number of heritage sites
exposed to potentially accelerated deterioration. When
the detonation pressure wave, heat and shrapnel impact
the walls of a building, stress generated by the explosion
impacts travels through the surface and causes changes
in the stone structure radiating from the initial impact
zone. This stress dissipation pattern can cause wide-
spread subsurface structural damage through fracture
network development, as well as compaction at the direct
impact point of the shrapnel, followed by loss of matrix
density in the surrounding stone area. These fracture net-
works do not only deteriorate the strength of the stone
at the time of impact but can also be exploited by weath-
ering processes for more rapid deterioration of the stone
on the medium- and long-term [7-9]. Bomb explosion
impacts cause grain fracture directly below the impact,
increase surface permeability and reduce surface hard-
ness around the impact [10-12]. However, there are few
studies on the long-term quantitative effects of this form
of damage, especially in natural stone that typifies cul-
turally important sites [13, 14]. Furthermore, in the case
of heritage sites the impacted stonework is often friable
due to decades, centuries or even millennia, of expo-
sure to environmental stress such as moisture and tem-
perature cycling, as well as movement and deposition of
soluble components such as salts. Field instruments such
as surface hardness probes and permeameters, as well
as microscopic observation can provide valuable infor-
mation on stone conditions which do not necessitate
destructive approaches such as sampling of the materials
or resistance drilling.

The aim of this study is to provide a quantitative
assessment of stone deterioration associated with bomb
explosions, particularly in the context of sites of cultural

heritage. In view of the sensitive nature of heritage sites,
methods of study need to be fully non-destructive and
appropriate for in-situ quantitative analysis. To this end,
this study utilises RSH (rock surface hardness) measure-
ments, permeametry measurements and microscopic
observation to capture data in situ. These data then
facilitate further spatial analysis (Kriging) in Geographic
Information Systems (GIS).

Methods

Survey preparation

Bath’s Labour Exchange Building retains two explosive-
damaged walls: the one facing James Street West and the
other one facing Kingsmead North (Fig. 2). In April 1942
a bomb was dropped in the square directly adjacent to
the Labour Exchange, which caused considerable crater-
ing to both sides of the exposed building. While much of
the building was demolished due to the extensive dam-
age, these two outer walls were retained in a subsequent
regeneration of the building. This provides the opportu-
nity to study the effects of 80 years, almost to the day at
time of measurement, of damage exposure to environ-
mental stress, by a comparative study of impacted and
non-impacted stonework.

The in-situ survey included a weathering forms survey;,
rock surface hardness (RSH) measurements, permeabil-
ity measurements and infield microscopic observation,
all of which are non-destructive techniques suitable for
this type of heritage site. This was complemented with
a photogrammetry-based survey. First, a full survey of
the weathering features, including discolouration, flak-
ing and crumbling, was carried out across the two walls
(Fig. 3). These walls were then divided into a 180-square
grid (30 horizontal and 6 vertical) to facilitate systematic
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Fig. 2 A Labour Exchange building in Bath in 2022. B Geographical location of the building in Open Street Map [15]

measurements of rock surface hardness (RSH) and
permeability across both impacted walls. Because the
building components in the corner of the building were
destroyed by the bomb, a total of 123 cells were measured
on two walls finally (Fig. 4A). Ten representative craters
were selected and each crater had 7-15 test points for
hardness and permeability measurements (Fig. 7A).

Rock surface hardness (RSH) survey

As several studies have demonstrated [10, 11, 16, 17],
RSH can be used as a key-indicator of the degree of
weathering of a surface. In this study, an Equotip 3 with
D-type probe was used to map differences in RSH across
the experiment sites. This equipment was originally
developed for the testing of metals [12], but it is now
used in both natural settings [18, 19] and the built envi-
ronment [20]. The surface hardness is measured through
rebound of a 3 mm diameter spherical tungsten carbide
test tip against the rock surface. This tip is mounted in
an impact body and impacts under spring force against
the test surface from which it rebounds [21]. The velocity
before impact (V') and after impact (V2) are measured
automatically and displayed as a ratio (V2/V’x1000)
which is denoted by the unit ‘L, or Leeb unit [22].

As noted by Hansen et al. [23] repeated rebound tests
at the same location on the rock surface result in an arti-
ficial increase in rebound strength due to compaction
of the surface by the rebound device. To minimize this
effect and to avoid artificial compaction of the surface,
measurements were taken within a 10 cm X 10 cm space,
but never on the same position, after manually cleaning
the surface of debris such as mud and grit, deposited by
wind and surface runoff. This test was repeated 15 times
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on each cell of two walls to map variability in RSH with
a total of 1845 impact measurements. Using the same
method, five RSH measurements were made at each test
point of each crater, in total 545 impact measurements
for craters. By calculating both the mean value per sec-
tion measured and the standard deviation, the weather-
ing progression was estimated at all test sites.

Air permeametry survey

Air permeability plays an important role in understand-
ing the air transport behaviour in weathered rocks, and is
an indicator of effective permeability, which in turn facili-
tates the movement of solutes through a porous stone.
An air permeameter is essentially a compressed gas or
vacuum cylinder through which gas can be released
into or extracted from a porous media. Compressible,
impermeable material is placed at the permeameter tip
to prevent leakage from between the cylinder outlet and
the porous medium. Gas flow rate and gas pressure are
monitored and can be transformed into gas permeability
using a modified form of Darcy’s law with a geometrical
factor depending on tip seal size, as proposed by Goggin
[24].

The permeability of the sample’s surface was investi-
gated using a New England Research TinyPerm3 air Per-
meameter. This instrument assesses air permeability of
the stone by creating a vacuum through a piston stroke,
drawing air from the sample. The instrument monitors
the volume of air withdrawn, and the transient vacuum
pulse created at the surface. These data are computed by
the instrument and converted into a permeability value
in Darcys (D) [25]. The instrument was calibrated using
the manufacturer’s standards. As with the RSH readings,
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Fig.3 A Main weathering forms of two walls: B moist zones. C crack. D spalling. E staining. F crust. G encrustration. H higher plants. I lichens. J
mosses

the permeability of each cell of two walls was measured
three times, totally 369 measurements for the two walls.
The permeability of each test point of each crater was
measured once, totalling 109 measurements for craters.
It should be noted that as air permeability values have
been shown to differ significantly from water perme-
ability values [26], the permeability results presented
here serve only to highlight relative differences across
the sample, and cannot be used to accurately describe
the likely ingress of water as a weathering agent [27]. The
measurements are therefore used as a measure of relative
susceptibility of the stone to deterioration stresses due to
loss of density and/or crack formation.

Microscopic observation

To study rock surface microtopography, in-situ micro-
scopic observations were carried out using a Bysameyee
USB Digital Microscope, Handheld 40x-1000x Magnifi-
cation Endoscope. Eight different areas of two walls were
observed, including freshly exposed surfaces above the
lead damp course, just outside impact craters, fire dam-
aged window frames, front corner ‘discoloured’ blocks,
inside small craters, inside a large impact crater, large
scale area of deterioration at bottom of the wall, the rock
surface change where microbes-algae had colonised, giv-
ing a total of 40 photomicrographs for two walls. These
images informed the assessment of likely drivers of dete-
rioration across individual crater points (Fig. 9A).
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Fig.4 A 30 horizontal partitions and 6 vertical partitions on the two walls for measurements. B RSH (GIS Kriging) analysis. C Permeametry (GIS

Kriging) analysis. D RSH and permeametry survey data of two walls

Spatial distribution analysis (Kriging) methods

Kriging, a geostatistical interpolation method that
involves calculating the distance between objects and
their spatial correlation was adopted here to inform likely
RSH and permeability patterns across the surface [28,
29]. Kriging is an alternative to many other point interpo-
lation techniques. Unlike straightforward methods, krig-
ing is based on a spatial regression of samples collected

from a spatial domain. Such methods are called forward
geostatistical methods [30]. Kriging is an exact interpola-
tion estimator used to find the best linear unbiased esti-
mate. Detailed discussions of kriging methods and their
descriptions can be found in Goovaerts, Webster [31].
The Kriging method can classify and partition the meas-
ured data for analysis and discussion.
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In this study, RSH and permeametry mean data were
processed in an ArcGIS Pro Geographic Information
Systems software package, with each cell shown in Fig. 4
given a point with a RSH or permeability value. Then, the
Kriging (Spatial Analyst) interpolation method was used
to find out other predictive RSH and permeametry val-
ues and spatially analyze the data that covered the entire
study area, to obtain an estimate of the value between
sample points within the specified study area. The results
were contoured. The same methods were used to analyze
the spatial distribution of RSH and permeability at test
points in each crater.

Results

Weathering forms

A visual survey of weathered forms on two walls of Bath’s
Labour Exchange Building is presented in Fig. 3. Weath-
ering forms refer to the weathering phenomena visible on

Table 1 Main weathering forms and distribution areas
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the centimetre to metre scale. The standardized classifi-
cation scheme of weathering forms by Fitzner and Hein-
richs [32] was used for mapping the spatial distribution
and diversity of weathering morphology and intensity.

The weathering forms that were found on the two
walls can be attributed to nine types, divided into two
general groupings: (1) physical deterioration includ-
ing: “Moist zones’, “Staining”, “Spalling”, “Encrustration’,
“Crust’, “Crack’; and (2) biological deterioration including
“Higher plants (e.g. grasses, saplings, or larger vegeta-
tion)”, “Lichens” and “Mosses” [33] (Table 1). Table 1 also
shows the distribution areas of final damage categories
investigated.

Rock surface hardness (RSH) survey results

As shown in Figs. 4B, D associated with Fig. 5A, the RSH
values of 123 cells of the two walls range from 200 to
592 L (Leeb values). The cells with low hardness values

Weathering forms

Distribution areas

Moist zones
Staining
Spalling
Encrustration

Crust

Crack

Higher plants
Lichens
Mosses

Distributed on the top and bottom walls of the building
Mainly on the upper wall facing Kingsmead N Street
Mainly distributed around the crater and the bottom wall

Mainly on the upper wall facing Kingsmead N Street,
and on the left wall of the opening of the door facing James
StW

Mostly inside the crater, and on some blackened walls

This weathering form exists on two walls of the whole building
Distributed on the bottom walls of the building

Distributed on the bottom walls of the building

Distributed on the windowsill at the corner of the building
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Fig.5 AThe density and distribution of RSH data of the two walls. B The density and distribution of RSH data of ten craters
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are mainly located near doors and window openings, the
cells near the ground floor, and the walls at the corners
of the building. The cells with higher hardness values are
mainly distributed on the upper part of the wall, far from
the ground. The mean RSH values of the III, IV, V verti-
cal partitions on the wall are about 20-30 L lower than
other partitions. However, the standard deviation of I, II,
VI vertical partitions are obviously larger than those of
the III-V vertical partitions, and although the minimum
RSH values of the three partitions are almost the same.
The maximum RSH values range from 613 to 501. III-V
vertical partitions are the areas where the windows and
doors were missing due to direct exposure to the explo-
sion and ensuing fire damage.

As shown in Figs. 7, 8 associated with Fig. 5B, the RSH
values of ten craters range from 201 to 650 L. Craters 3,
4, 5,7, 8, and 10 all gave lower hardness values, and each
crater presents a comparison of hardness values. Except
crater 5, the mean RSH value of other craters is greater
than the mean RSH value of each cell of two walls.

Air permeametry survey results

As shown in Figs. 4C, D associated with Fig. 6A, the per-
meametry values of 123 cells of the two walls range from
0.0024 to 13,800 mD. The cells with large permeability are
mainly distributed in the partition VI which is closest to
the ground, near the openings of doors and windows, and
near the wall where the bomb exploded on the ground.
The cells with low permeability are mainly distributed in
the walls that are relatively continuous, without open-
ings, and are higher from the ground. This indicates that
the bomb explosion and the location of water penetra-
tion into the wall are the main factors affecting the per-
meability value. On the one hand, they are most affected
by the bomb explosion; on the other hand, groundwater
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penetrates into the lower walls. The upper walls have
rainwater penetrating into the wall, so that their perme-
ability values are greater than that of partition IV. There-
fore, the permeability value is the order of the bomb
explosion’s impact+groundwater impact+rainwater
impact.

As shown in Figs. 7, 8 associated with Fig. 6B, the
permeametry values of ten craters range from 2 to
13,300 mD. Craters 2, 4, 5, 7, 8, and 10 show very large
permeability values, and each crater presents a com-
parison of permeametry values. The mean permeability
values of craters 2, 4, 5, 7, 8, 10 are also greater than the
mean permeability value of each cell of two walls.

Spatial distribution analysis (Kriging) methods

For the purpose of understanding the spatial distribu-
tion regularities of the RSH and permeametry mean
data, the kriging interpolation method of the geosta-
tistical module in ArcGIS Pro was used to assess the
RSH and permeametry concentrations on each cell of
two walls. Based on this, a spatial distribution map of
the RSH and permeametry concentrations on two walls
was created. Figures 4B and C show an increasing or
decreasing trend, and all these attributes have obvious
high-value and low-value areas. There is an obvious
large area of low-value RSH area at the openings of the
door and windows of the wall facing James St W, and
two high-value RSH areas at both corners of the wall.
The two low-value RSH areas on the wall facing King-
smead N are near where two walls were badly damaged
in the war, and the high-value RSH area is on the upper
wall (Fig. 4B). In general, the permeability of the wall
facing Kingsmead N is greater than that of James Street
W, and the permeability of the lower walls is greater
than that of the upper walls (Fig. 4C).
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Fig.6 A The density and distribution of permeametry data of the two walls. B The density and distribution of permeametry data of ten craters
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Elevation of Kingsmead N

Sizes Leeb value Permeametry Value (mD)
Transverse length 381.248 - 389.653 25.472-64.383
389.654 - 395.139 64.384 - 87.582
23 (cm) 395.140 - 398.717 87.583-101.414
Longitudinal width ~ 1 398.718-401.061 7 101.415- 124.613
I 401.062 - 402,573 I 124.614- 143526
15.2 (cm) I 402574 - 404.907 I 143,527 - 228.793
Central depth I 404.908 - 408.495 - W 228.794 - 336.266
I 408.496 - 413.970 I 336.267 -521.885
4 (cm) W 413.971-422.378 M 521.886 - 829.867
Sizes ~ Leeb value ~ Value (mD)
Transverse length " 380.601-394.304 | 42201-269.621
394.305 - 404.534 260.622 - 393.546
9 (cm) 404,535 - 412471 393.547 - 461.074

Longitudinal width
7.7 (cm)
Central depth

0 412472-417.872
I 417.873-422.128
W 422129 - 427.829
W 427.830 - 435.466
435.467 - 445.696

2.5 (cm) I 445.697 - 459.400 M 1334098 - 2100.00
Sizes
~ Leeb value Value (mD)
Transverse length
281.326 - 331.650 84.715- 117.064
19.2 (cm) 331,651 - 359.696 117.065 - 137.239

Longitudinal width
22 (cm)
Central depth

137.240 - 149.820
[ 149.821 - 169.994
I 169.995 - 202.345
I 202.346- 254.219
W 254.220 - 337.402
I 337.403-470.788

359.607 - 375.327
[ 375.328 - 384.038
Il 384.039 - 388.892
I 388.893 - 397.603
W 397.604-413.234
I 413.235-441.280

4.5 (cm) B 441.281 - 491,605 M 470.789 - 684.678
Sizes Permeametry
Leeb value ? Value (mD)
Transverse length <
294.926 - 326.316 0-54.209
45.2 (cm) 326.317 - 349.750 54.300 - 167.727
- . 349.751 - 367.244 167.728 - 333.206
Longitudinal width [ 367.245 - 380.304 17 333.907 - 577.606
25.4 (cm) 19 380.305 - 390.054 I 577.607 - 934.685
’ I 390.055 - 397.332 | I 934,686 - 1458.020
Central depth I 397.333 - 407.082 | 1458.021 - 2225.021
I 407.083 - 420.142 M 2225.022 - 3349.137
6 (cm) I 420.143 - 437.636 M 3349.138 - 4906.643
Sizes Leeb value Value (mD)

Transverse length
58 (cm)
Longitudinal width
33.1 (cm)

Central depth
3.5 (cm)

18.127 - 126.752
126.753 - 199.221
199.222 - 307.847

[ 307.848 - 470.669

I 470.670-714.728

M 714.729 - 1080.556

I 1080.557 - 1628.905

I 1628.906 - 2450.643

M 2450.644 - 3682.870

218,092 - 239.239
239.240 - 255.026
255.027 - 266.812

[ 266.813 - 275.610

© W 275.611-287.396

I 287.397 - 303.183

I 303.184 - 324.330

I 324.331-352650

\ W 352,651 - 300.604 \

Fig.7 aTen craters for measurements. b RSH and permeametry (GIS Kriging) analysis for crater1 to crater5

As shown in Figs. 7B and 8B, The RSH and perme-
ability values do not seem to be consistently distrib-
uted within the craters. But in some craters, the RSH
value of the middle of a crater is greater than that of the
edge. The permeability value of the edge of a crater is
greater than that of the middle. If the crater is cracked
or spalling, the permeability can be very high.

Microscopic observations

Microscopic observation is the most suitable method for
non-destructive testing of architectural heritage. Bath
stone is the material of the exterior wall of Bath’s Labour
Exchange Building. Bath stone is an oolitic limestone
comprised of ooids and bioclastic grains, and under the
microscope, the sub-mm ooids are spherical grains com-
posed of calcite [34].
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B [craters Sizes Hardness Leebvaie  Permeametry Value (D)

Transverse length 2 i 341.164 - 368.362 5 42.651 - 132.360

: 368.363 - 389.132 132.361 - 205.634

21.3 (cm) 380,133 - 404.999 205.635 - 265.483

Longitudinal width I 405.000 - 417.097 [ 265.484-314.367

I 417.098 - 426.341 I 314.368-374.216

21.2 (em) W 426.342 - 438.448 W 374.217 - 447.490

Central depth I 438.449 - 454 306 I 447.491 - 537.200

35 W 454.307 - 475.075 Il 537.201-647.032

S (em) M 475.076 - 502.278 I 647.033-781.501

Sizes

Transverse length
17.2 (cm)
Longitudinal width
16 (cm)

Central depth
3.5(cm)

f

Leeb value Value (mD)

0-678.298

678.299 - 1203.334
1203.335 - 1595.289
1595.290 - 2100.326
2100.327 - 2823.629
2823.630 - 3765.727
3765.728 - 5027.697
5027.698 - 6718.146
6718.147 - 8982.557

272,017 - 286.464
286.465 - 207.495
297.496 - 305.917

[ 305.918 - 312.347

W 312.348-317.257

W 317.258-321.005

I 321.006 - 325.915

W 325916 - 332.346

W 332347 - 340.768

Sizes

Transverse length
29 (cm)
Longitudinal width
43 (cm)

Central depth

4 (cm)

Leeb value Value (mD)

0-93.897

93.898 - 162.550
162.551 - 200.810
200.811 - 269.463
269.464 - 392.649
392.650 - 613.688
613.689 - 1010.309
1010.310 - 1721.983
1721.984 - 2998.974

261.868 - 293.786
293.787 - 315.565
315.566 - 330.425

[ 330.426 - 340.564

[ 340.565 - 355.425

I 355.426 - 377.204

I 377.205-409.123

I 409.124 - 455.904
455.905 - 524.466
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Transverse length
29 (cm)

Leeb value Value (mD)

16.708 - 78.193
78.194 - 116.537
116.538 - 140.450

329.609 - 361.189
361.190 - 381.790
381.791 - 396.228

Transverse length
37 (cm)
Longitudinal width
35 (cm)

Central depth

6 (cm)

Longitudinal width I 306.229 - 403.993 I 140.451 - 178.794
I 403.994 - 417.431 I 178.795 - 240.280
23 (cm) I 417.432- 438.032 I 240.281 - 338.876
Central depth I 438.033 - 469.613 I 338.877 - 496.976
4.5 (cm) I 469.614 - 518.028 I 496.977 - 750.497
: M 518.029 - 582.248 s N M 750.498 - 1157.025
Crater 10 Sizes Permeametry

Leeb value Value (mD)

202.213 - 491.873
491.874 - 680.822
680.823 - 970.483
970.484 - 1414.538
1414.539 - 2095.283
2095.284 - 3138.876
3138.877 - 4738.720
I 4738.721-7191.309
M 7191.31-10951.169

262.332-331.196

331.197 - 363.256

363.257 - 378.182
[ 378.183- 385.131 g
I 385.132 - 388.366 {C
I 388.367 - 395.314 a5
© I 395.315-410.240
I 410.241 - 442.300 »
M 442.301-511.165

EEEN

Fig.8 a RSH and permeametry survey data of the craters. b RSH and permeametry (GIS Kriging) analysis for crater6 to crater10

Figure 9B shows the eight areas observed. Site 1 is a
freshly exposed surface of stone unaffected by impacts;
ooids are clearly visible with no signs of etching or pit-
ting; it looks a fresh, unweathered surface. There is lit-
tle microporosity; the limestone is tight. A few likely
microbial filaments (dead) occur on the surface. Site 2

is outside of the craters, with well-preserved grains, no
porosity, and some etching of the ooids. Site 3 is a fire-
damaged window frame, with a pink-red staining of some
grains wherein the iron would be located. Some etching
of grains. Site 4 is from a discoloured stone on the front
corner and shows a surface with a pale encrustation with
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A Microscope observation positions
Elevation of James St W
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Elevation of Kingsmead N

Site 2/Site 6

Site4  Site 7 Site 3/Site 5 Site 1/Site 8

Site 2: just out5|de |mpact craters.
y > -

Microscope scale ¢ 1 2 3 4 smm

Fig.9 a The position of the microscope observations. b Microscopic observations of different areas of the building

fine black particles and some faint pink colouration from
fire damage. Site 5 is the inside of a small crater, where
few ooid grains are visible, and there is a cream-coloured
crust/coating with dark areas, probably from weathering
and microbial encrustation. Site 6 is inside a large impact
crater, where the surface has been weathered and coated
so few grains are visible. Site 7 from the bottom of the

wall near the right edge of the information plaque shows
the effects of long-term exposure to weathering, with a
flakey appearance and dark particles, probably from air
pollution and microbial encrustation. The two left images
look like comminuted rock with microclasts on the sur-
face, possibly powdered rock from an impact. Site 8
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shows a rock surface with a green colour from a biofilm
of cyanobacteria—algae.

Discussion

The power of a bomb explosion to destroy architectural
heritage is staggering [35, 36]. Architectural heritage
that survives a war and bomb damage continues to be
exposed to the sun, frost, damp and other environmen-
tal stresses. But a single bomb attack can do as much
to weather a building as thousands of years of sun and
freezing combined. Bomb explosions cause craters and
fractures in a building’s walls. On the wall facing James
Street West, there are about 80 visible craters of different
sizes and depths, visible area of crater/wall area="7.7%;
on the wall facing Kingsmead North, there are about 60
visible craters of different sizes and depths, visible area of
crater/wall area=11.5%. Cracks will inevitably develop
over time, leading to an increase of the permeability
coefficient and permeability generally. The RSH and per-
meametry will differ radically based on the proximity of
impacts as well as deterioration associated with ground
water rise up to the lead line. In the case of the Bath
Labour Exchange, the permeability of the wall stones can
be compared from the data in Fig. 4D, which show that
the minimum permeability value is 0.0024 mD and the
maximum permeability is 13,800 mD. The RSH measure-
ments can be used to determine relative deterioration of
the surfaces. As Fig. 4D shows that the minimum value
of the walls is 200 L and maximum value of is 592 L. It is
possible that fractures resulting in a discernible reduction
of hardness in the stone have wider micro-fracture net-
works associated with them [7, 9].

After the bomb exploded at ground level, some of the
shrapnel hit the wall, on the one hand, causing a strong
impact, forming many craters; on the other hand, the
bomb carried burning material, causing the wall to be
affected by fire [37, 38]. As shown in Figs. 5 and 6, bomb
explosions and combustion are the main factors affecting
the loss of RSH and enlargement of pore-size of the cra-
ters. According to the field investigations and measure-
ments, some of the wall craters are caused by shrapnel
directly impacting the wall, and some are caused by other
objects hitting the wall of the building due to the forma-
tion of fragments caused by the explosion. The high RSH-
value areas of two walls are distributed on the upper wall
facing Kingsmead N, and under the window near west
corner of the wall facing James St W. The low RSH-value
areas were distributed at the openings of the door and
windows of the wall facing James St W, and near the cor-
ner of the wall facing Kingsmead N. The high permeame-
try-value areas of two walls were distributed on the lower
wall facing Kingsmead N, and near the corner of the wall
facing Kingsmead N. The low permeametry-value areas
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were both distributed at east corner of the wall facing
James St W.

Architectural heritage after a bomb explosion is more
prone to weathering problems (Fig. 10A). These are
mainly the results of bomb explosion and combustion, as
well as later pollution and weathering. As shown in Figs. 3
and 10B, the common forms of weathering are cracks,
spalling, staining and biological growth. This is because
the explosion has a great impact force, resulting in loose
texture, reduced hardness, increased permeability of the
Bath stone, and a greater susceptibility to weathering and
disintegration in water. Under the action of the external
environment for a long time, the internal physical stress
of the stone is unevenly distributed. Small cracks form
first in the stone, and then these extend to create longer
cracks [39, 40]. With a larger area of cracks, the surface
stone is subjected to spalling. At the same time, when
the humidity reaches a certain level, liverworts and even
more substantial plants may grow in cracks.

At the same time, combustion after an explosion is
another main reason for the formation of a loose, porous
texture, reduced hardness and increased permeability of
the Bath stone. Burning at high temperatures can also
cause thermal cracking of rocks [41]. As shown in Fig. 9B,
according to the microscope study, the main component
of the Bath stone is calcite, and its honey colour is related
to the presence of iron oxides-hydroxides (goethite—
limonite), derived from the oxidation of pyrite [2, 8]. Cal-
cite (calcium carbonate) is insoluble in neutral pH water
but is affected by more acidic water, such as rainwater,
which causes etching of the limestone. On being heated,
as in a fire, calcite can decompose: CaCO3=CaO+ CO,1
[42, 43], making the limestone readily affected by further
weathering by rain and frost. The staining of buildings is
also related to explosions and post-explosion combus-
tion (Fig. 3). Bomb explosions can generate temperatures
up 5000 °C; the presence of hydrated iron oxides in Bath
stone are altered to ferric oxide (Fe,Oj), giving the build-
ing walls a reddish-pinkish stain. A temperature higher
than 1300 °C favours the oxidation of hydrated iron
oxides to ferric oxide (Fe,03) [42, 43].

It is also interesting to note that there are many
craters in which the hardness of the inner centre is
higher than that of the crater edge, and the perme-
ability of the inner part is lower than that of the cra-
ter edge (Fig. 10B). This phenomenon is referred to
as Reverse Weathering [44—-46]. A (black) crust can
occur on lime containing materials in the presence of
SOy (e.g. from pollution) leading to a transformation
of calcite into gypsum. The crust can acquire a black-
ish colour, due to encapsulation of dirt and soot into
gypsum. The chemical equation for the formation of
the crust is CaCO4;+H,0+H,50,=CaSO, - 2H,0O
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explosion + combustion

=>

Original Bath stone

cracks, spalling, staining
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IR IX 4
a4

weathering

moist zones, cracks, spalling,
staining, encrustrations, crusts,
higher plants / lichens / mosses

Crater 1 Crater 2

Crater 4 Crager 5 Crater 6

Crater 3

Weathering forms [ i Moist zones; [ii| Staining; [iii] Spalling; [iv] Encrustations; [v] Higher plants / lichens / mosses; [vi| Crusts; |Vil Cracks.

Fig. 10 aThe architectural heritage that survived the war, though exposed to the sun, freeze-thaw and other forces. However, a single bomb attack
can do as much to weather a building as thousands of years of sun and freeze-thaw combined. b Weathering forms inside the craters

(gypsum)+ CO,1 [42, 43]. According to Stephenson’s
theory, a thin film of water formed by condensation can
hold more dust particles with polluting properties, such
as sulphur dioxide, together [47, 48]. The speed of dust
concentration depends on the temperature difference
between the wall and the air in contact with it. Thus, we
find that the most frequent crusts are found in cold, wet
craters where water is easily condensed. The black crust
continues to feed more gypsum into the porous rock
further inside the crater, and the gypsum continues to

invade deeper into the rock. With the increase in the
thickness of the gypsum layer, the crater has a layer of
reverse weathering crust inside, and it is more diffi-
cult to be weathered (Fig. 10B). Encrustation also takes
place locally on Bath stone in damp areas, as a result of
microbial activity and the presence of a biofilm; these
are mostly grey crusts of thin, crinkly calcite. Both gyp-
sum and calcite crusts and efflorescent, as well as green
microbial-algal growths, can develop near the ground
of Bath stone buildings as a result of rising damp.
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Conclusions

Heritage and cultural buildings are at risk from conflict
damage in many parts of the world and Bath provides
one example of a city where most of the evidence of the
extensive WW!II damage has been removed with just one
clear example of a building (the former Labour Exchange)
with shrapnel damage tastefully preserved as a memorial
to those dark days of April 1942 [1, 2].

The explosion and combustion of a bomb make the
rock of the wall disintegrate and break under the physi-
cal and mechanical action, and this process is the process
of physical weathering. Later in the next few decades,
rain, pollution, plant growth, processes of chemical and
biological weathering are added [42, 43]. Whether it is
a large crater or a small crack, it is an important factor
causing damage to the architectural heritage [7-9]. In
this study, In-situ measurements combined with spatial
distribution analysis (Kriging) in GIS, RSH (rock surface
hardness) and permeability spatial distribution maps
of two walls and ten craters were produced. The micro-
damage to the walls of the building from the bomb explo-
sions has been examined by microscopic observation.
It can be concluded that for the wall with more cracks
(visible and invisible), weathering is more serious from
a quantitative assessment of damage caused by bomb
explosions in WWII [11, 12]. The increase of perme-
ability of walls and craters was mainly caused by bomb
explosions and combustion, while the decrease of hard-
ness is more affected by later weathering. This indicates
that the interplay of initial damage likely accelerates sub-
sequent response to environmental stress, extending the
initial damage patterns from the impact crater to larger
areas of stonework [13, 14, 38].

Eighty-year (from 1942 to 2022) weathering and degra-
dation are no match for the destruction of the architec-
tural heritage by a single night of aerial bombing.

Abbreviations

RSH Rock surface hardness

GIS Geographic information systems
WWII World War Two
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