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Geophysical Investigations of WW2 air-raid shelters in the UK 26 

In the prelude to the Second World War, the British government prepared for an 27 

aerial onslaught that, it was predicted, would raze cities to the ground and cause 28 

mass casualties. By 1938, the Air Raid Precautions Act ensured that Britain would 29 

be ready for aerial attack, and formally adopted a principle that the protection of 30 

the population from bombing would be through dispersal of the population. This 31 

meant evacuation, and protection on a local scale, rather than the construction of 32 

deep shelters intended to protect the population en-masse. As a result, such air raid 33 

shelters that were produced were the responsibility of the local authority, and all 34 

too often this meant that that responsibility devolved to the householder, who was 35 

expected to create bomb- and gas-proof rooms. It also means that the 36 

archaeological record of air raid shelters is relatively rare, with the distinct 37 

possibility that such features are under threat. 38 

As such, this paper reports the results of non-invasive geophysical surveys 39 

over three different air-raid shelter sites, located in Stoke-on-Trent and London. 40 

Multi-technique geophysical surveys were required to locate, identify and 41 

characterise the shelters, as well as to determine optimal geophysical detection 42 

method(s) and equipment configuration(s).  43 

Study results found that the three intact, Stanton-type pre-fabricated 44 

shelters in Stoke-on-Trent could be successfully located by ground penetrating 45 

radar, electrical resistivity, magnetometry, gravity and electromagnetic methods. 46 

The partially demolished shelters in Central London provided a geophysical 47 

response (from EM and GPR) but could not be further characterised. Finally, the 48 

intact, mass public-type shelter in South London were detected by EM and GPR 49 

methods. Subsequent intrusive investigations confirmed London site 50 

interpretations. 51 

This study shows that these important, but hitherto-neglected, wartime 52 

shelters can still be in good condition and near-surface geophysical surveys can 53 

detect and characterise their location, size, burial depth and even their construction 54 

materials. The outcomes suggest that geophysical surveys can be used to help 55 

assess the integrity of such buried structures and help to bring WWII British history 56 

into the wider scientific community and the public domain. 57 

 58 
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INTRODUCTION  60 

 61 

Air Raid Shelters are a relatively neglected component of the numerous archaeological 62 

studies of conflict that have arisen over the last twenty or so years.  While there are 63 

some notable exceptions (e.g. see Moshenka 2007; Thomas 2016), in most cases, air 64 

raid shelters constructed during the two world wars have been neglected, as most 65 

archaeological projects have concentrated on trenches, dug-outs, foxholes and battle 66 

scars of front-line conflict (see, for example, Doyle et al. 2001, 2002, 2005; Everett et 67 

al. 2006; De Meyer and Pype, 2007; Brown and Osgood 2009; Masters and 68 

Stichelbaut, 2009; Banks, 2014; Banks and Pollard, 2014; Doyle 2015, 2017), prisoner 69 

of war camps and activities (Moore, 2006; Pringle et al. 2007; Doyle, 2011, Doyle et al. 70 

2013; Schneider 2013; Rees-Hughes et al. 2016); or the hospitals, airfields and other 71 

logistics of war (e.g. Dobinson et al. 1997; Schofield, 2001; Passmore et al. 2013; 72 

2017; Capps Tunwell et al. 2015).  73 

Despite the increasing diversity of study of wartime sites, Home Front sites have 74 

been somewhat neglected. While the Defence of Britain Project of the early 2000s (e.g. 75 

see Schofield, 2004; Foot 2006) surveyed the remaining WW2 anti-invasion 76 

fortifications of Britain, consisting of various concrete fortifications, defence lines and 77 

other positions, but there has been little consideration of civil ‘passive defence’ 78 

measures (though see Thomas, 2016). The UK’s WW2 Civil Defence response was 79 

large, yet there has been little in the way of detailed survey of surviving anti-air-raid 80 

structures, many of which exist by chance (e.g. Thomas, 2016; see illustrations of 81 

shelters and other features in Brooks, 2006; Bright, 2016).  82 

The first steps to achieving this is through the identification and recognition of 83 

surviving structures, built for passive defence in the built environment. As discussed 84 

below, during WW2 there was a diversity of approach to the maintenance and 85 



construction of air raid shelters, or of protected spaces and refuges, and those 86 

approaches changed throughout the war itself. It is not surprising, therefore, that this has 87 

meant that the infrastructure of air raid shelters is complex, and that their record in the 88 

archaeological record is disparate, with former air-raid shelters degraded, demolished, 89 

partially or wholly removed or filled in (e.g. Moshenka, 2007).  While some celebrated 90 

schemes are protected by official listing status, others are more vulnerable to destruction 91 

(see Schofield, 2004; Thomas, 2016). For instance, it is thought that with some 23 92 

million issued and installed, just 6% of domestic ‘Anderson Shelters’ survive today 93 

(O’Brien, 1955; Schofield, 2004). Any remaining shelters in the urban environment are 94 

therefore a limited resource and a significant reminder of a crucial time in European 95 

history.  96 

For these reasons alone, any investigations that seek to locate, identify, and 97 

characterise WW2 air raid shelters will be making a significant contribution to the wider 98 

study of these features. As part of the investigations of wartime sites, near-surface, 99 

multi-technique geophysical surveys have become increasingly popular (see, for 100 

example, Gaffney et al. 2004; Everett et al. 2006; Pringle et al. 2007; Fernandez-101 

Alvarez et al. 2016; Rees-Hughes et al. 2016), due to their capability to locate and 102 

characterise buried objects for subsequent intrusive investigations. Given the relative 103 

rarity of existing air raid shelters, the use of the non-invasive surveys employed here 104 

represent good practice and demonstrate what can be done to locate and characterise 105 

them. This also has greater significance due to the fact that air raid shelters could 106 

present a potential hazard to modern ground engineering activity, due to their 107 

construction materials and the potential for encountering subsurface voids.   108 

As such, this paper describes multi-technique geophysical site investigations of 109 

known Second World War (WW2) air-raid shelters in three different sites in the UK, 110 



comprising subsurface prefabricated concrete sectional (‘Stanton’) shelters located in 111 

Stoke on Trent, and two subsurface brick and concrete shelters in London. These sites 112 

are typical of the diversity of subsurface shelters dating from the post-‘Big Blitz’ period 113 

of 1940-41. The aims of this paper are to record these shelters at the three study sites, 114 

document the geophysical and limited intrusive site investigations carried out, 115 

determine the optimum geophysical technique(s) and equipment configuration(s) and 116 

discuss how other researchers can utilise geophysical surveys to locate WW2 air-raid 117 

shelters in the future.  118 

 119 

WW2 AIR RAID SHELTER POLICY, TYPOLOGY AND DESIGN 120 

 121 

The development of air raid shelters dates back to the First World War (WW1), with the 122 

advent of aerial bombing, and the destruction of property and life that accompanied it 123 

(O’Brien, 1955; Thomas, 2016). With little choice, air raid shelters became ad hoc 124 

affairs, and in London, railway arches and underground railway tunnels were used as 125 

shelters for the first time (Gregg, 2001). Railway arches in particular were vulnerable to 126 

bomb penetration at their weakest part through the railway track bed itself (this would 127 

have tragic consequences when deployed during WW2, see Fitzgibbon, 1970; Bright, 128 

2016). 129 

The Air Raid Precautions (ARP) Department was formed at the Home Office in 130 

response to the rearmament of Germany, and from 1 April 1935 it was to direct the 131 

development of passive air defence in Britain, in response to the growing threat (O’Brien, 132 

1955). The possibility of aerial attack was magnified in stark reality by the bombing of 133 

Spanish cities such as Barcelona in the late 1930s (O’Brien, 1955; Moshenka, 2010). The 134 

Air Raid Precautions Act of 1937 established the principles of the relationship between 135 



the Government’s responsibilities, those of local government and the average citizen to 136 

provide for their own safety in wartime.  137 

On 1 January 1938, the new ARP Act came into force, and it was the Munich 138 

crisis of September 1938 that confirmed the inevitability that these services would be 139 

needed. The subsequent Civil Defence Act 1939 empowered local authorities to take on 140 

the responsibility for the construction of shelters. One of the most enlightened was the 141 

London Borough of Finsbury, which retained the noted architectural firm of Tecton – to 142 

examine the issue in order to provide a scheme for the complete protection of the people 143 

of the Borough (Tecton, 1939; see also Baker, 1978). This examined the provision of 144 

basements and other shelters, and envisaged the construction of 14 deep shelters based 145 

on a spiral ramp that could be used for some 7,600 - 12,600 people. Finsbury sought 146 

grant-in-aid from the Home Office on the basis of their ambitious scheme on 6 February 147 

1939, but it was never enacted. 148 

This meant that in the run up to WW2 there was no official policy that saw the 149 

construction of deep or even sub-surface air raid shelters. Instead, ‘dispersal’ – the idea 150 

of dissemination of the population – was Government Policy with regards to the 151 

protection of the population from aerial attack (see Deedes, 1939; O’Brien, 1955; 152 

Fitzgibbon, 1970; Baker, 1978; Wade, 2011). Its purpose was to prevent the mass 153 

concentration of people in shelters that would be therefore vulnerable to attack. The 154 

policy ensured the evacuation of school-age children, mothers and the elderly from nine 155 

‘evacuable areas’ of Britain, considered to be the main targets – a prediction that, for the 156 

most part, was correct (Table 1) (Anon, 1939; Civil Defence, 1939a; Ministry of Home 157 

Security, 1942; O’Brien, 1955; Collier, 1957).  158 

  159 



 Evacuable areas Major Raids 1940-

41 

Bomb 

tonnage 

a London; Co. Boroughs of West Ham & East Ham; 

Boroughs of Walthamstow, Leyton, Ilford, Barking, 

Tottenham, Hornsey, Willesdon, Acton, Edmonton 

71 18,291 

b Medway towns of Chatham, Gillingham & Rochester   

c Portsmouth, Gosport & Southampton 7 1,334 

d Birmingham & Smethick 8 1,852 

e Liverpool, Bootle, Birkenhead & Wallasey 8 1,957 

f Manchester & Salford 3 578 

g Sheffield, Leeds, Bradford & Hull 4 948 

h Newcastle & Gateshead 1 152 

i Edinburgh, Rosyth, Glasgow, Clydebank & Dundee 5 1,329 

Table 1: ‘Evacuable areas’ and Major raids during the ‘Big Blitz’ of 1940-41, sourced from 160 

Civil Defence (1939a); O’Brien (1955); Collier (1957). 161 

 162 

The same policy dictated that there would be no construction or excavation of 163 

‘deep shelters’ on the basis that it would be impractical to excavate sufficient shelter 164 

space for the population of target areas. In addition, there was concern that such shelters 165 

would lead to the development of what was known as ‘shelter mentality’, by which, it 166 

was predicted, the population would stay semi-permanently below ground, with 167 

consequent loss of productivity (O’Brien, 1955; Fitzgibbon, 1970; see Jones et al. 168 

2004; Jones, 2016). This approach was subject to intense criticism by a group of 169 

scientists and other intellectuals who viewed the Government’s response to be flawed in 170 

the years before the start of the actual conflict (e.g. Cambridge Scientists, 1937; 171 

Haldane, 1938; O’Brien, 1955).  This meant, wherever possible, seeking shelter at 172 

home, making use of shoring, as well as the development of ‘a steel structure, capable 173 

of mass production’ which could be erected at home (O’Brien, 1955, p. 171). This 174 

structure would ultimately become known as the Anderson Shelter, issued to poorer 175 

people free of charge, but as it was partially dug in, it was dependent upon garden space 176 

being available (Air Raid Precautions, 1939; Civil Defence, 1939b; Ministry of Home 177 

Security, 1940).   178 



Often there were mixed schemes, as in Dartford, Kent (Mike Still, Dartford 179 

Borough Museum: Personal Communication, 2018). The minutes of Dartford Council’s 180 

Air Raid Precautions Committee for April 1939, identifies the need to ‘prepare a list of 181 

available basement and cellarage accommodation’, in response to the need for shelters, 182 

and seven shops were identified that could be used in this way. Surface shelters were 183 

provided to meet a shortfall, identified in the minutes of July and August 1939, and 184 

intended to house 2,900 people. Dartford Council’s General Purposes Committee (28 185 

September 1939), also recognised the need for trench shelters, which were dug in a 186 

number of sites with open spaces, and which were strengthened as the war proceeded. A 187 

single railway arch was also put aside for air raid use. As can be seen from this 188 

discussion, there was no consideration of deep shelters, in line with Government policy. 189 

Notwithstanding that, it is known that some schools (West Hill, Dartford Grammar, etc) 190 

did have underground shelters, and this again shows the possibility of such shelters (cf. 191 

Moshenka, 2007) existing, at variance with official policy. 192 

Nevertheless, the policy relating to the construction of deep shelters was 193 

modified after the period of the ‘Big Blitz’ in 1940-41 (O’Brien, 1955), leading to the 194 

development of some deep shelters in vulnerable parts of Britain from 1941 onwards 195 

(O’Brien, 1955; Thomas, 2016). The intention was to protect the population and 196 

workforce in some those parts of the country with vital dock and industrial components, 197 

and as such it was never fully suggested that there would be a move to complete 198 

underground protection. 199 

In his 1938 book A.R.P, and in the light of the Governments opposition to deep 200 

shelter provision, the scientist J.B.S. Haldane identified (and criticised) the available 201 

shelter types, using his criticism to defend his assertion that deep shelters alone were 202 

essential for the protection of the public. Though Haldane’s assertions were not acted on 203 



until the post ‘Big Blitz’ period of September–May 1940-41, Haldane’s shelter types 204 

may be usefully compared with those employed during the war (Table 2; see Rathbone, 205 

1942, for a US perspective). 206 

 Shelter Type Description Usage Archaeological 

legacy 

1 Refuge-

rooms in 

ordinary 

homes 

Surface: Shoring and 

strengthening, ground 

floor rooms. 

Strengthened rooms 

were intended to remain 

intact. The later steel 

framed ‘Table’ or 

Morrison shelter 

(Ministry of Home 

Security 1941) was 

intended to do the same 

job.  Morrison shelters 

2m long, 1.2m wide, 

0.75m high. Steel 

construction, spring 

base and removable 

mesh sides for shrapnel 

protection 

Steel shoring was made 

available to strengthen as 

‘strutted rooms’, including 

public buildings. Most refuge 

rooms were intended, initially, 

as protection from gas attacks 

(Haldane 1938; Home Office, 

1938; Deedes, 1939; Ministry 

of Home Security, 1939, 1940a) 

Moderate to Low. 
There are surviving 

examples of 

Morrison shelters, 

though few if any in 

situ. Most were used 

for scrap metal in 

post-war period. 

2 Steel frame 

and other 

strong 

buildings 

Surface: Ferro-concrete 

buildings, stone 

buildings 

These were often modern 

buildings, shops, restaurants, 

car parks and the like that were 

pressed into service. In some 

cases these proved inadequate, 

as in the bombing of the Café 

de Paris in London, 1941 

(Fitzgibbon 1970). 

Moderate. 

Buildings bearing 

external blast 

damage is visible 

across the UK.  

3 Splinter-

proof rooms 

Surface: Rooms with 

thick walls Capable of 

resisting bomb splinters 

As 1, above Low. As 1, above 

4 Cellars & 

strong rooms 

Subsurface: cellars 

with vaulted ceilings 

and with sufficient earth 

cover; they can be 

strengthened.  

As above steel shoring was 

made available to strengthen as 

‘strutted rooms’, including 

public buildings. Haldane 

(1938) commented that these 

were ‘rare in Britain’. 

Low to Moderate. 

Surviving strutted 

basements are likely 

to be rare due to 

‘post-war scrap 

drives’ (Thomas, 

2016, p. 11). There 

are existing 

examples in 

Westminster, 

London, complete 

with shelter signs 

(see Brooks 2011) 

5 Trenches and 

shallow dug-

outs 

Subsurface: partial 

protection only. Dug in 

parks and open spaces. 

Trenches were later 

strengthened and 

adapted with concrete 

and a variety of other 

materials (O’Brien 

1955; Thomas 2016). 

Trenches were dug in the 

prelude to war and were 

strengthened and used 

throughout the war, and 

adapted, and often roofed , 

sometimes with parabolic roof 

sections. Stanton Shelters, made 

from parabolic concrete 

sections, are examples of this 

Low to Moderate. 

Surviving open 

trenches are 

unlikely, but given 

the fact that they 

were excavated 

within public parks 

and other open 

spaces, there is a 



Trenches were typically 

up to 2.14 m wide, some 

10-20 m long and no 

less than 2 m deep. 

Stanton shelters are of 

this type, 9m long, 2.3m 

wide, 4m high. Pre-cast 

steel; reinforced 

concrete modular design 

(Anon nd) 

type, though they were most 

often used for military purposes 

(Anon, n.d.)  

likelihood of an 

archaeological 

record, discoverable 

by geophysical 

techniques. 

6 Deeper dug-

outs and 

special 

shelters 

Subsurface: ‘hillside 

dugouts’; ‘special steel 

shelters’. 

These included tunnels and 

caves, dependent on location, 

which could be pressed into 

service as shelters, such as 

Chistlehurst Caves in Kent, and 

other suitable locations 

(Thomas 2016).   

Moderate 

Many pre-existing 

tunnels, such as 

Chistlehurst Caves, 

which were used as 

shelters during the 

war, survive.  

_ Anderson 

Shelter 

Subsurface: The 

Anderson was in effect 

a special shelter (see 

above). Anderson 

shelters were 2m long, 

1.2m wide, 1.8m high. 

Curved galvanized 

corrugated steel sheets 

bolted and secured to 

baseplate 

The Anderson shelter was 

distributed to huge numbers and 

was intended to withstand the 

blast of a 500lb bomb, though 

not a direct hit. It was 

extremely effective (O’Brien 

1955; FitzGibbon 1970; 

Thomas 2016), Flooding was a 

problem (Ministry of Home 

Security 1940b). 

Low 

Though 3.6 million 

were distributed, 

few survive in situ 

7 Underground 

railways and 

other tunnels 

Subsurface: deeper 

‘Tube’ tunnels; some 

are shallow 

The Underground railways, 

‘Tubes’, were targeted by 

would-be shelterers in WW1, 

and again in WW2. Official 

policy was against this, but this 

gave way under public pressure 

(O’Brien 1955; Gregg, 2001). 

High 

Most tube lines and 

stations are still in 

operation, though 

others, such as the 

Aldwych, that were 

used during the war 

are now 

inaccessible. 

8 Tunnels 

made for 

shelter 

purposes 

Subsurface: excavation 

of special tunnels, use of 

other tunnels such as 

sewers 

Short tunnels were excavated in 

the post-Big Blitz period in 

vulnerable locations. This is the 

case in vulnerable port towns, 

e.g. Birkenhead, Bristol, Dover 

and Ramsgate, as well as other 

inland targets (Thomas 2016). 

Extensions of some tube 

stations were made in this 

period. In the post-Big Blitz 

period, eight extensions were 

made at the following stations: 

Clapham North, Clapham 

Common, Clapham South, 

Stockwell, Goodge Street, 

Camden Town, Belsize Park 

and Chancery Lane (Gregg 

2001) 

High 

Those tunnels made 

during the war, after 

the ‘Big Blitz’ 

period, should be 

still extant. It is 

certainly the case 

for the Tube 

extensions, with 

many used for other 

purposes, such as 

secure storage 

(Goodge Street). 

9 Bomb-proof 

underground 

shelters other 

than tunnels 

Subsurface: modular 

concrete and other 

subsurface structures  

Bold plans were made pre-war 

for large schemes in some 

boroughs (see Tecton 1939). 

Small scale schemes were 

carried out in some immediate 

pre-war developments, such as 

Moderate–High 

Constructed 

according to local 

conditions, political 

and geographical, 

they vary in extent 



St Leonards Court, Richmond, 

with capacity for 48 people 

(Thomas 2016).  

and development. 

Many may be lost to 

infill, and could be 

identified by 

geophysics. 

10 Conical 

buildings 

Surface: Ferroconcrete 

towers, as built in 

Germany 

As far as can be determined, not 

used in the UK 
– 

- Surface 

shelters 

Surface. Haldane does 

not mention these. 

Surface shelters varied 

from small rectangular 

or square constructions 

to accommodate 4–6 

people, through to those 

to accommodate a 

maximum of 50. They 

could be built to a 

modular design with 50-

person capacities in 

each section. They had 

12” thick brick walls 

and a 6” reinforced 

concrete roof. (Thomas 

2016) 

Surface shelters were intended 

to supplement the Government 

‘stay at home’ policy, and were 

constructed such that they could 

accommodate<50 people to 

reduce mass casualties. 

Mistrusted, they were 

sometimes built of inferior 

materials (O’Brien 1955; 

FitzGibbon 1970; Baker 1978). 

They were unlikely to survive 

direct hits (e.g. see Brooks 

2011) 

 

Low-Moderate 

Surface shelters 

were often 

destroyed in the 

postwar era, but 

some survive, 

pressed into service 

as garden sheds 

(small) or garages 

(e.g. Brooks 2011; 

Bright 2014; 

Thomas 2016) 

Table 2: WW2 Air Raid Shelter types in the UK (based on Haldane, 1938) 207 

 208 



Figure 1. (A). Schematic diagram of the Morrison emergency indoor shelter where 209 

households lacked cellars/gardens or other safe places (Ministry of Home Security, 210 

1941). (B) Schematic diagram of an Anderson household garden shelter, commonly 211 

half-buried, comprised of curved and bolted corrugated steel sections and a large 212 

baseplate (Home Office, 1939). (C) Photographs of a Stanton shelter, composed of 213 

bolted-together, pre-cast steel reinforced concrete sections and escape hatch, mostly 214 

constructed in airfields, this sub-aerially exposed one located in Kirkbride, Scotland 215 

(Barnes, 2005). (D) Example of surface shelter design, comprising a modular form with 216 

brick walls and thick concrete roof; this one, in south east London, has been preserved 217 

for use as garages (Image: Steve Hunnisett).  Such shelters were unpopular due to early 218 

bombing raids causing heavy casualties (FitzGibbon, 1970; Baker, 1978). 219 

 220 

 Table 2 identifies the potential archaeological legacy of air raid shelters, a theme 221 

developed by other authors (e.g. Schofield, 2004; Thomas, 2016). An analysis 222 

demonstrates that, whereas the archaeological legacy of most early war ‘Big Blitz’ 223 

shelters is low – including as it does most surface shelters, and temporary shelters such 224 

as Andersons or Morrisons – others are potentially higher, such as trench shelters cut in 225 

public parks, and other subsurface shelters, some of which were developed privately at 226 

variance with Government policy. It would therefore be expected that with the right 227 

conditions they would be discoverable by geophysical techniques. Greater still are 228 

deeper dugouts or shelters, or modular buildings such as the concrete ‘Stantons’, 229 

prefabricated by the Stanton Iron Works during the war (Anon, n.d.). Constructed from 230 

the pre-war to the post-Big Blitz, these are often variable in extent and construction, and 231 

represent a resource that should be capable of excavation, where known (e.g. Moshenka, 232 



2007), or identified using geophysical techniques. This is now demonstrated with three 233 

case studies in air-raid sensitive (‘evacuable’) areas of England.   234 

  235 



SITE 1: ABBEY HULTON, STOKE-ON-TRENT, STAFFORDSHIRE, UK 236 

 237 

Three Stanton-type, half-sunken WW2 air-raid shelters were known to be 238 

adjacent to the exposed ruins of Hulton Abbey, in Abbey Hulton, Stoke-on-Trent, 239 

Staffordshire (Fig. 2). Two of the shelters fall within the bounds of the Scheduled area 240 

of the Abbey ruins. Constructed by the Stanton Ironworks Company, its concrete plant 241 

was ‘turned over to concrete air-raid shelters, of which subsequently 100,000 tons were 242 

manufactured, principally for the Air Ministry’ (Anon, n.d., p. 40). Given their intended 243 

end use, Stanton Shelters are requisitely rare in civilian locations.  The shelters were 244 

specifically constructed to shelter pupils from Carmountside Primary School, which 245 

occupied much of the former Abbey site between 1938 and 1987.  Present school 246 

records (now on a different site) indicate that shelters were used seven times during 247 

WW2 (Anon, 2010). The shelters were still visible on aerial photographs taken in 1963 248 

and 1974 (Fig. 3). The local geology of the site is a clayey loam overlying mudstones, 249 

siltstones and sandstone bedrock of the Carboniferous Lower Coal Measures Formation. 250 



 251 

Figure 2. Location map of Hulton Abbey, Stoke-on-Trent, Staffordshire, with 252 

UK location (inset). Map courtesy of EDINA™ DigiMap (2016). 253 



 254 

Figure 3. (A) 1963 and (B) aerial site photographs showing the now-demolished 255 

Carmountside Primary School buildings, Hulton Abbey ruins and the three air-raid 256 

shelters visible in the study site in Stoke-on-Trent, Staffordshire, UK (modified from 257 

Wise, 1985). 258 



 259 

An initial site investigation was undertaken in March 2017, determining that the 260 

soil was a silty loam type (10YR/2/2 Munsell colour).  There were several mature trees 261 

and ground vegetation cover, together with metal fences at the site borders. The air-raid 262 

shelters were observed to be still present, 9m long, 2.3m wide, evenly spaced and 263 

partially buried, with the middle shelter having an exposed concrete escape hatch with 264 

metal ladder (Fig. 4). This information suggested that these are Stanton-type shelters. A 265 

simple topographical survey was undertaken to map the modern site features and 266 

establish a key 2D profile line (Fig. 5).  267 

 268 

Figure 4.  Abbey Hulton site photograph (looking North) in March 2017 with view of 269 

the Stanton air-raid shelter’s escape hatch. 270 

 271 



 272 

Figure 5.  The Abbey Hulton study site 1 site map, Stoke-on-Trent, Staffordshire, UK 273 

(see Fig. 2 for location). The three Stanton type air-raid shelter positions marked 1-3 274 

(Fig.4 taken from 2 escape hatch), together with the key 2D survey profile (and survey 275 

direction arrowed). 276 

 277 

SITE 1: DATA ACQUISITION AND PROCESSING 278 

 279 

A survey line was established perpendicular to the three air-raid shelters, passing 280 

approximately through the centre of them (Figure 5), and the dense vegetation cleared 281 

to allow relatively easy access for the geophysical surveying equipment. 282 

 283 

Ground Penetrating Radar Survey 284 

GPR surveys are the commonly used in archaeology, as they can detect buried 285 

objects up to 10 m below ground level in ideal conditions (see Sarris et al. 2013; Dick 286 



et al. 2015).  Following initial onsite testing of the GPR PulseEKKO™ PRO system 287 

using available 250 MHz, 500 MHz and 1000 MHz frequency antennas to determine the 288 

most suitable frequency for investigation; the 1000 MHz frequency was discarded due 289 

to the lack of penetration and clarity at depth. The 250 MHz frequency, with a fixed 290 

antenna-offset of 0.38m, was used to acquire a 2D profile (Fig 5).  Measurement 291 

spacing was 0.05 m, a 120 ns time window and summing 32 recordings at each survey 292 

position.  The lines were then surveyed using the 500 MHz frequency, fixed antenna-293 

offset of 0.23m, was used using a measurement spacing of 0.025 m, a 90 ns time 294 

window and the same summing 32 recordings.  A standard sequential data processing 295 

sequence was applied to each 2D profile in Sandmeier™ REFLEXW v.8.5 software. 296 

This consisted of; 1) Selecting the first positive amplitude response to move start time 297 

to 0 ns, dynamic correction to adjust for antenna geometries, bandpass butterworth to 298 

remove high and low frequencies (frequency ÷ 2, frequency × 2), background removal 299 

(subtracts mean of all traces from each trace), Automatic Gain Compensation (AGC) 300 

gain to counteract signal attenuation and finally a conversion from Two-Way Time (ns) 301 

to Depth (m) using an average site velocity of 0.1 m/ns determined from analysis of 302 

hyperbolic reflection events (see Milsom & Eriksen, 2011 for background).  303 

Magnetic Gradiometry Survey 304 

Magnetic surveys arethe most common in archaeological site investigations (see 305 

Masters and Stichelbaut, 2009; Lowe, 2012; Fassbinder, 2015).  Following calibration 306 

in a magnetically quiet area of the site, a Bartington™ Grad601 Single Axis fluxgate 307 

gradiometer was used to acquire magnetic gradient data at ~0.1 m sample intervals 308 

along the survey line (Fig. 5).  A rejection value of 50 Hz was chosen and a 1000 nT 309 

range due to the busy urban site nature. A standard processing sequence was applied 310 

using Microsoft Excel software. Anomalous data points due to acquisition issues are 311 



removed, termed ‘despiking’, and long wavelength trends in the data removed, 312 

‘detrending’ (see Milsom & Eriksen, 2011 for background). 313 

 314 

Electro-Magnetics Survey 315 

Electro-magnetic methods are commonly used in archaeological investigations 316 

(see De Smedt et al., 2014; Gaffney, 2008), as sensors are easily manoeuvrable, and data 317 

is collected rapidly (see Milsom & Eriksen, 2011 for details). 318 

A GF Instruments™ CMD mini-explorer was used to collect in-phase and 319 

quadrature data using both vertical and horizontal dipole configurations. Different 320 

dipole spacings effectively allow different penetration depths, 1m and 1.8m for Vertical 321 

Dipole alignment (VMD) and 0.5m and 0.9m for the Horizontal dipole alignment 322 

(HMD). The instrument self-calibrates and acquired data at ~0.1m intervals along the 323 

survey line. The data were despiked and detrended using Microsoft Excel software. 324 

 325 

Bulk-Ground Electrical Resistivity Survey 326 

Bulk ground electrical resistivity methods have also been commonly used in 327 

archaeological investigations (see Thacker and Ellwood, 2002; Terron et al., 2015; 328 

Dick et al. 2017).  Although the investigation depth is dependent on the probe spacing, 329 

generally the method is cheap, easily manoeuvrable, and data is rapidly collected (see 330 

Milsom & Eriksen, 2011 for details).  331 

After testing with different probe spacings and sample intervals, a Geoscan™ 332 

RM15-D Resistivity Meter, using a parallel Constant Separation Traverse (CST) twin-333 

probe array setting, was used with probe separations of both 1.0 m and 1.5 m, to acquire 334 



resistance readings at 0.25m sample intervals over along the survey line.  The data was 335 

despiked and detrended using Microsoft Excel software. 336 

A CAMPUS™ TIGRE meter was also used to collect a 2D Electrical Resistivity 337 

Imaging (ERI) 2D profile along the survey line, using 38 electrodes at 1 m spacing in a 338 

Wenner array configuration due to its near-surface sensitivities.  After initial testing that 339 

relatively consistent contact resistances were being recorded at each electrode, a 2D 340 

profile was collected.  Data processing steps were applied using Geotomo™ Res2DInv 341 

v.3.55. These were removing anomalous data points, an inversion using a least-squares 342 

best-fit algorithm with a threshold set to 5% misfit and displayed using a logarithmic 343 

colour contoured scale.  344 

 345 

Micro-Gravity Surveys 346 

Micro-gravity surveys are rarely used in archaeological investigations but are 347 

commonly used in geotechnical site investigations, for example, when looking for near-348 

surface voids (see Pringle et al. 2012) or coal mineshafts (see Pringle et al. 2008). 349 

A Scintrex CG5 micro-gravimeter was used to collect gravity observations on 2 350 

m intervals along the survey line, collecting data for 90s at each position, with three 351 

repeated readings at each survey point.  Base station observations were collected at the 352 

nearby car park (Fig. 5) before and after the half day survey to correct for any 353 

gravitational changes due to tides and instrumental drift following standard procedures 354 

(see Milsom and Eriksen, 2011). Standard data processing steps were undertaken using 355 

in-house Microsoft Excel spreadsheets. This comprised correcting for site latitude, 356 

correcting for tidal variations/instrument drift using base station polynomial drift values, 357 

Free Air and Bouguer corrections (using a density value of 1.8 g/cm3) were used to 358 

compensate for elevation changes, repeat gravity reading were averaged and anomalous 359 



points removed and finally a background linear trend removed (see Milsom & Eriksen, 360 

2011 for background).  361 

 362 

SITE 1 RESULTS 363 

 364 

GPR Results 365 

GPR results for both the 250 MHz and 500 MHz frequency 2D profiles show 366 

three strong hyperbolic reflection events that correspond to the three air-raid shelter 367 

positions, presumably caused by a strong dielectrical permittivity contrast between the 368 

background soil, the pre-cast concrete shelters and the air-filled voids inside (Fig. 6). 369 

The tops of the shelters were calculated to be between 0.5 m – 1 m below present 370 

ground level. Multiple reflections were also observed below each first shelter response, 371 

attributed to a ringing multiple effect, with made-ground between each shelter (Fig. 6).  372 

The 250 MHz frequency dataset produced more clear reflection events over the target 373 

features. 374 



 375 

Figure 6. (A) 250 MHz and (B) 500 MHz frequency GPR 2D processed profiles 376 

acquired over the survey line (Fig. 5), with the location of the three Stanton-type air-377 

raid shelter positions marked (arrows) and other pertinent features. 378 

Magnetic Gradiometry Results 379 

The magnetic gradient results showed a large range of about 1,800nT over the 380 

surveyed profile, with three relatively large and similar amplitude and wavelength 381 

anomalies present, compared to background values; their mid-points could be easily 382 

correlated to the three air-raid shelters (Fig. 7). Air-raid shelter 3 has the largest 383 

amplitude, although note an above-ground metallic object was present here (Fig. 4). 384 

 385 



386 

Figure 7. Magnetic gradiometry processed profile acquired over the survey line (Fig. 387 

5), with the location of the three Stanton-type air-raid shelter positions marked. 388 

Electro-Magnetics Results 389 

All in-phase and quadrature processed results of respective survey modes 390 

showed three clear conductive anomalies that could be correlated to the known Stanton 391 

air-raid shelter positions (Fig. 8). In-phase anomalies were 100-200 ppt higher than 392 

background values, with the respective deeper depth quadrature anomalies ranging from 393 

10 mS/m – 30 mS/m higher than background values (Fig. 8). Shelter 2 had half the 394 

anomaly strength compared to shelters 1 and 3 (Fig. 8), suggesting that it had less 395 

conductive material present. Note the metal boundary fence (Fig. 4) did not appear to be 396 

interfering with survey results. The coils measuring relatively deeper penetration depths 397 

were also uniformly gaining high relative anomaly strengths than the relatively 398 

shallower penetrating coils (Fig. 8).   399 



 400 

Figure 8. EM survey processed data results, showing respective Horizontal (A/B) and 401 

Vertical (C/D) Orientated dipole configurations, in-phase and quadrature datasets over 402 

the survey line (Fig. 5).  The CMD Mini-Explorer also allows effective different 403 

penetration depths to be collected (see respective keys) acquired over the survey line, 404 

with the location of the three Stanton-type air-raid shelter positions marked. 405 

Bulk-Ground Electrical Resistivity Results 406 

The CST data for both 1m and 1.5m probe spacing showed three relatively low 407 

resistivity anomalies (-40 Ω.m to -20 Ω.m) on the 2D profile, which could be correlated 408 

to the three air-raid shelters positions (Fig. 9). The ERI 2D profile shows three, 409 

relatively low apparent resistivity (~20 Ω.m) anomalies, compared to background 410 

values (~80+ Ω.m), which could be clearly correlated to the three air-raid shelter 411 

positions (Fig. 10).  412 



 413 

Figure 9. Bulk electrical resistivity survey processed data (both 1m and 1.5m spaced 414 

probes – see key) acquired over the survey line (Fig. 5), with the location of the three 415 

Stanton-type air-raid shelter positions marked and other pertinent features. 416 

 417 

Figure 10. Inverted Electrical Resistivity Imaging (ERI) 2D profile results over the 418 

survey line (Fig. 5), using a logarithmic colour-contoured scale (see text), with the three 419 

Stanton-type air-raid shelter positions marked. 420 

Micro-gravity Results 421 

The processed residual Bouguer microgravity 2D profile showed two clear 422 

negative anomalies that could be correlated to the Shelter 1 and 2 positions.  These were 423 

~0.5 mGal lower than background readings and this was deemed to be significant, 424 

especially when compared to the repeat measurement variations. The survey line needed 425 



to be longer to image shelter 3, which was not possible due to restrictive terrain (Fig. 426 

11). 427 

 428 

Figure 11. Micro-gravity processed results (with repeat measurement error bars shown) 429 

over the survey line (Fig. 5), with the three Stanton-type air-raid shelter positions 430 

marked. 431 

 432 

Ground Investigations 433 

 434 

The air-raid shelters were observed to be partially exposed on initial site 435 

investigations, so the three Stanton shelter dimensions (each 9m long, 2.3m wide) could 436 

be correlated with the geophysical data, as shown in the preceding sections.   437 

A Handykam™ drain camera system was also used to inspect the interior of 438 

these shelters – the resulting footage was not good enough to include here, but did show 439 

voids within Shelters 1 and 3 with some collapsed artificial material present. Metal 440 

reinforcement bars were also observed within concrete in the roof and walls. 441 

  442 



SITE 2: SHEPHERD’S BUSH COMMON, LONDON, UK 443 

 444 

Shepherd’s Bush Common in Central London had five public air-raid shelters 445 

constructed (Fig. 12), which are visible on aerial photographs taken in 1946 (Fig. 13a).  446 

These shelters therefore conformed to a type that were brick built and partially buried. 447 

Since then, the common has not been developed (Fig. 13b), although surface 448 

landscaping works in 2011 had located the shelters within contaminated soil and back-449 

filled them. Therefore, these shelters were expected to be in a poor state of preservation.  450 

The local geology of the site is a mixture of clay and sandy loam overlying Lower 451 

Eocene London Clay Formation bedrock. 452 

An initial site investigation was undertaken in April 2017, finding trees, some 453 

ground vegetation cover and made-ground with debris.  The air-raid shelters were not 454 

observed, in contrast to Site 1. A simple topographical survey was undertaken to map 455 

the modern site features and determine where the geophysical survey grid should be 456 

located (Fig. 12). 457 



 458 

Figure 12. (A) Location map of Shepherd’s Bush Common, London, with UK location 459 

(inset). Map courtesy of EDINA™ DigiMap (2016). (B) Shepherd’s Bush Common 460 

study site 2 map, showing the geophysical survey area and the two GPR 2D profile 461 

locations shown in the paper. 462 



 463 

Figure 13. (A) 29/01/1946 aerial photograph of Shepherd’s Bush common with five air-464 

raid shelters still visible (arrow) (© of Hammersmith Borough Council) and (B) . 465 

 466 

SITE 2: DATA ACQUISITION AND PROCESSING 467 

 468 

A survey grid was set up over the presumed air-raid shelter positions (Fig. 12b), 469 

and GPR and EM surveys were undertaken. 470 

 471 

Ground Penetrating Radar Survey 472 

Following initial testing of the GSSI™ SIR-4000 system, a 400 MHz frequency, 473 

fixed-offset (0.16m) antenna was used to collect 2D profiles at 1m separation in both N-474 



S and E-W orientations with readings taken at 0.02 m intervals.  Standard data 475 

processing steps were applied using GSSI RADAN v.7 software comprising time-zero 476 

to remove the air-gap, a user-defined gain-curve to compensate for signal attenuation, 477 

and a bandpass filter to eliminate the high and low frequency noise. Time-slices were 478 

generated in Sandmeier™ REFLEXW v.8.5 software using the standard processing 479 

steps given in Site 1.   480 

 481 

Electro-Magnetics Survey 482 

A Geonics™ EM61-MK2A conductivity meter was utilised, after being 483 

calibrated in a geophysically quiet area of the site, to collect VMD mode in-phase and 484 

quadrature data on the same survey grid. Standard data processing steps were applied, 485 

namely rectification of positions to OSGB co-ordinates, removal of spurious outlier data 486 

points and a digital contoured surface grid generated from sample points in Oasis™ 487 

Montaj v.7. software. 488 

 489 

SITE 2 RESULTS 490 

 491 

GPR Results 492 

The 400 MHz frequency 2D GPR profiles possibly show the remains of two of 493 

the shelters approximately 0.5 m below ground level (Fig. 14). There was severe signal 494 

attenuation beyond 1 m depth, most likely due to either clay-rich soil and/or made-495 

ground/rubble.  The horizontal time-slice also did not clearly define the air-raid shelter 496 

positions, the results being dominated by path and memorial foundations (Fig. 15). 497 

 498 



 499 

Figure 14. 400 MHz frequency GPR 2D processed profiles (A) GPR1 and (B) GPR 2 500 

acquired over Shepherd’s Bush Common (Fig. 12b for location), with interpretations of 501 

air-raid shelter positions and other pertinent features. 502 



 503 

Figure 15. 400 MHz frequency GPR horizontal time slice at 0.5 m depth, generated 504 

from the 2D profiles, with the major interpreted features marked. 505 

 506 

EM results 507 



The EM61 results show clearly defined, linear, high-conductivity anomaly 508 

features present that could be the remains of reinforced concrete walls of the air-raid 509 

shelters (Fig. 16) suggesting that they were brick-built shelters. The more subtle linear 510 

high anomaly features in the south could be related to the shelters.  Note there were also 511 

numerous other conductive isolated materials (Fig. 16). 512 

 513 

Figure 16. Electro-magnetic EM61 processed results (Fig. 12 for location) with 514 

pertinent features, including the five air-raid shelter remains and subsequent Trial Pit 515 

(TP 1-5) locations marked. 516 



 517 

Ground investigations 518 

 519 

Subsequently five trial pits were dug onsite to 1.2 m bgl which targeted the geophysical 520 

anomalies (see Fig. 16 for location). No below-ground voids were encountered, with 521 

loose fill comprised of numerous bricks, reinforced concrete (with one in situ in TP2) 522 

and a metal corrugated sheet found. These results suggest that the shelters had been 523 

demolished and backfilled with conductive waste material prior to the geophysical 524 

survey being conducted. 525 

  526 



SITE 3: SOUTH LONDON, UK 527 

A large reinforced concrete, public buried air-raid shelter was constructed in an 528 

area in inner city South London (Fig. 17), the precise location of which is withheld due 529 

to Council’s wish to keep the site confidential. This is barely visible on wartime aerial 530 

photographs. The local geology of the site is clayey loam soil with up to 3 m of 531 

concrete, clinker and made-ground overlying the Lower Eocene London Clay 532 

Formation bedrock. The area is currently occupied by a series of post-WW2 council-533 

estate buildings, landscaped grass areas and multiple carparks. A simple topographical 534 

survey was undertaken to map the modern site features and determine where the 535 

geophysical survey grid should be located (Fig. 17). 536 

An initial site investigation was undertaken in May 2017, finding a flat grassed 537 

area, some utility service manhole covers and a presumed entrance to the below-ground 538 

shelter (Fig. 17). 539 

 540 

Figure 17. South London study site 3 map (location map inset), showing the 541 

geophysical survey area, the entrance (photograph inset) and the two GPR 2D profile 542 

locations shown in the paper. Map courtesy of EDINA™ DigiMap (2016). 543 



SITE 3: DATA ACQUISITION AND PROCESSING 544 

 545 

After a survey grid was set up over the presumed air-raid shelter positions (Fig. 546 

17b), GPR and EM surveys were conducted. 547 

 548 

Ground Penetrating Radar Survey 549 

Following initial testing of the dual frequency GSSI™ 300/800 MHz Utility 550 

Scan system, a 300 MHz frequency, fixed-offset (0.16m) antenna was used to collect 551 

2D profiles at 1 m separation in both NE-SW and NW-SE orientations.  Trace spacings 552 

were 0.05 m.  The time-zero, user-defined gain-curve and bandpass filter data 553 

processing steps were applied using GSSI RADAN v.7 software. 554 

 555 

Electro-Magnetics Survey 556 

A Geonics™ EM61-MM2A conductivity meter was also utilised, after being 557 

calibrated in a geophysically quiet area of the site, to collect VMD mode in-phase and 558 

quadrature data on the same survey grid. Positions were converted to OSGB co-559 

ordinates, outlier data points removed and a contoured surface grid generated from 560 

sample points using Oasis™ Montaj v.7. software. 561 

 562 

SITE 3 RESULTS 563 

 564 

GPR Results 565 

300 MHz frequency GPR profiles show some obvious isolated, high amplitude 566 

features which are interpreted as shelter walls (Fig. 18), with strong amplitude, 567 

horizontal reflection events (Fig. 18) just below the present ground surface, interpreted 568 



to be the shelter roof. There were also low signal amplitudes below the interpreted air 569 

raid shelter roof that was correlated with the EM anomaly onsite. 570 

 571 

 572 

Figure 18. 300 MHz frequency GPR 2D processed profiles (A) GPR1 and (B) GPR 2 573 

acquired over the South London study site 3 (Fig. 17 for location), with interpretations 574 

of air-raid shelter positions, EM anomaly and other pertinent features. 575 

 576 

EM results 577 

The EM61 produced a very clearly defined, rectangular, high-conductivity anomaly 578 

present in the central area that correlates with the public air-raid shelter roof (Fig. 19). 579 

Therefore, this suggests that the concrete roof will be comprised of conductive material.  580 

When combined with the GPR profile results, the shelter roof appeared to be still 581 

supported by walls (Fig. 18). 582 



 583 

Figure 19. Electro-magnetic EM61 processed results (Fig. 17 for location) with 584 

pertinent features, including the below-ground public air-raid shelter remains and 585 

subsequent borehole positions (BH1-4) marked. Photographs of Boreholes 3 and 4 are 586 

also shown (inset). 587 



Ground investigations 588 

 589 

Four Targeted 150 mm drill cores were subsequently intrusively investigated 590 

onsite (see Fig. 19 for location). About 20 cm - 55 cm of topsoil and gravelly clay was 591 

present which overlaid ~20 cm layer of reinforced concrete that contained metal 592 

reinforcement bars.  One core (BH3) had relatively poor condition concrete present with 593 

steel wire within it and a brick layer beneath (Fig. 19).   594 



DISCUSSION  595 

 596 

During WW2, aerial attacks (and coastal bombardment) on the British mainland 597 

contributed some 146,777 casualties, comprising 60,595 killed and 86,182 wounded 598 

(Collier 1957). In London alone, during the period of the ‘Big Blitz’ from 7 September 599 

1940 to 16 May 1941, there were 85 major bombing raids contribution some 23,949 600 

tons of high explosive (HE) (Collier 1957, p. 528), and during the whole of the war, 601 

71,270 tons of HE bombs, flying-bombs and rockets were deployed against Britain 602 

(O’Brien, 1955, p. 680). The level and extent of casualties was far fewer than had been 603 

predicted (see Fitzgibbon, 1970), and this was in no small way a result of the 604 

Government’s preparations for Civil Defence, and the provision of air raid shelters (see 605 

O’Brien, 1955). As discussed, and identified in Table 2, there is a diversity of shelter 606 

types (see Thomas, 2016). With ‘Dispersal’ the dominant policy, there was reliance on 607 

the hardy ‘Anderson’ constructed in domestic gardens, surface brick-built shelters, or 608 

trenches. While it is understood that those deep shelters that were known to have been 609 

constructed with Government sanction – such as the tube extensions that were dug 610 

between 1942-44 – the majority of subsurface shelter types are relatively shallow. This 611 

has meant that the archaeological record of such shelter types is ill defined, and 612 

therefore in need of detection through geophysical prospection, backed up by traditional 613 

techniques. 614 

Historical aerial photographs have proved particularly useful, for example at 615 

Abbey Hulton (Site 1) and Shepherd’s Bush Common (Site 2), as other modern 616 

investigations of historical sites have shown (see, for examples, Doyle et al. 2013; 617 

Pringle et al. 2007).  The Abbey Hulton site has been recognised by Historic England as 618 

historically important, albeit for the nearby medieval Hulton Abbey ruins; therefore, has 619 

not been recently developed. In contrast, the London site 3 had poor aerial photographs 620 



and both London sites did not have adequate site information of their respective air-raid 621 

shelters with respect to original construction and dimensions. The inconsistency around 622 

the available historical information may be related to the era, as rapid construction and 623 

development of these structures was the priority, especially during 1939-1940. 624 

This paper also evidences that non-invasive, surface geophysical methods could 625 

be successfully used to not only locate WW2 air-raid shelters, but also to characterize 626 

their dimensions and materials, which mirrors other researchers’ findings on wartime 627 

structures (e.g. Everett et al. 2006; Pringle et al. 2007; Rees-Hughes et al. 2016).  628 

Geophysical survey results also showed contrasts between shelters at the same site. For 629 

example, microgravity and magnetic gradiometry showed different responses for the 630 

three air-raid shelters at Abbey Hulton (Site 1). The large magnetic and EM conductive 631 

anomalies evidence the concrete construction was metallic which was subsequently 632 

confirmed by intrusive site investigions.  Where air-raid shelters were filled in/partially 633 

destroyed at Shepherd’s Bush Common (Site 2), some techniques were less useful (e.g. 634 

GPR) but EM survey results still delineated their location and approximate dimensions. 635 

The South London study (Site 3) also managed to locate the mass public shelter, chiefly 636 

due to the reinforced concrete roof through EM (confirmed through intrusive 637 

investigation), but also the supporting wall locations were successfully imaged by GPR. 638 

Optimal survey type(s) and equipment configuration(s) did vary between the 639 

three study sites. The surveys at Abbey Hulton (Site 1) of the Stanton shelters showed 640 

that all the utilised geophysical methods were successful at locating the shelters, but the 641 

lower frequency (250 MHz) GPR frequency antenna was optimal due to fewer non-642 

target anomalies being imaged and good penetration depths being achieved.  In contrast 643 

at Shepherd’s Bush Common (Site 2), GPR results were not successful, with EM61 644 

judged optimal there. For the South London study (Site 3), EM was judged to be 645 



optimal but GPR results were useful to locate the vertically-orientated features such as 646 

supporting walls. Electrical resistivity survey equipment was judged to be optimally set 647 

up with a dipole-dipole 1.5 m probe separation at Abbey Hulton (Site 1), which was 648 

larger than the typical 0.5 m probe configuration for shallow level investigations (see 649 

Milsom & Eriksen, 2011; Dick et al. 2015).  Gravity surveys would be useful to collect 650 

to determine if located shelters were filled or open. Finally, bulk ground conductivity 651 

surveys were found to be optimal at both London study sites 2 and 3, with the best 652 

definition of target anomalies. 653 

The case studies allow an idealized workflow to be generated for geophysical 654 

surveying over suspected air-raid shelters. Case study 1 at Abbey Hulton evidenced that 655 

all the geophysical techniques applied could detect the presence of the air-raid shelters. 656 

Using multiple geophysical techniques helps to determine a variety of different physical 657 

properties from anomalies, which is typically the best approach. However, potential 658 

clients for geophysical surveys, generally, do not have the budget or will to pay or wait 659 

for the results from multiple surveys, which is the reason why the commercial surveys 660 

in London (Cases 2 and 3) only used GPR and EM. In order to establish a workflow for 661 

geophysical surveys over air-raid shelters, it is first required to establish the 662 

requirements of a potential client. The most common problem is that the presence of an 663 

air-raid shelter is suspected but its location is unknown or uncertain. As all the 664 

techniques can detect the shelter, an informed decision about which geophysical 665 

technique(s) should be applied at a specific site to delineate the position of a shelter. 666 

Both magnetometry and EM techniques permit rapid surveying to generate a 2D 667 

anomaly map; however, if the structure is concrete-only, a magnetic survey may fail to 668 

detect the target all together, whereas the concrete-only structure should produce a 669 

(negative) conductivity anomaly. Conversely, if there is a metallic structure, then the 670 



magnetic signature may be difficult to interpret in terms of the precise position of the 671 

shelter edges (see Fig. 7), whereas an EM survey should produce a relatively simple 672 

(positive) conductivity anomaly (e.g. Fig. 19). Therefore, the optimum technique for 673 

determining the position and composition of the shelter is an EM survey. However, the 674 

aforementioned techniques may be hampered by objects on, or very near, the surface 675 

(e.g. buildings, park benches, vehicles, power cables), by either obstructing data 676 

collection or creating anomalous data, masking the target of interest, and cannot collect 677 

data at depth. Therefore, another technique, such as GPR (with a shielded antenna) may 678 

be employed to investigate a potential air raid shelter without these external factors 679 

causing issues, and identify the structure location at depth.  680 

 681 

If the depth to the top of the structure is required, then the two most useful 682 

surveys are GPR and ERI resistivity. Although the CMD Mini-explorer allows for 683 

different EM penetration depths, these are all relatively shallow. GPR surveys are more 684 

rapid and easier to calibrate than ERI that makes GPR the preferred technique here (e.g. 685 

Fig. 18). However, if the target is deep and/or in a radar absorbing material (e.g. clay), 686 

ERI may be required as a complementary technique. If ground engineering work is 687 

anticipated, then the presence of subsurface voids may be a concern. These may be 688 

detected with GPR or ERI methods, but a ‘void or indeed loosely-filled material is best 689 

located and assessed by using microgravity (e.g. Fig. 11 and see Tuckwell et al. 2008). 690 

However, ERT may be required if the voids are too small and/or deep to generate a 691 

gravity anomaly above the detection threshold determined by the desk study. This 692 

discussion leads to the idealised workflow shown in Fig. 20, suggesting the optimum 693 

survey techniques for location and depth determination of buried air-raid shelters, and 694 

the detection of potential voids associated with them. 695 



696 

Figure 20. Suggested workflow for geophysical surveys over suspected buried air-raid 697 

shelters. 698 

 699 

  700 



CONCLUSIONS 701 

This paper presents results of non-invasive geophysical surveys of WW2 air-raid 702 

shelters in three different locations in the UK, one in Stoke-on-Trent and the other two 703 

in London. Given the diversity of air raid shelter design and deployment, it provides 704 

means of determining such sites that remain in the urban environment. 705 

A desktop study found the Abbey Hulton study (Site 1) to have three Stanton-706 

type air-raid shelters to be still visible from aerial photographs in 1974.  The Central 707 

London study sites had five separate brick-built air-raid shelters shown on a 1946 aerial 708 

photograph (Site 2) and there was little information on a larger below-ground public 709 

shelter at the South London site (Site 3). 710 

Fieldwork collected GPR, magnetic gradiometry, electro-magnetics, bulk 711 

electrical resistivity (CST and ERI) and microgravity surveys over site 1, and GPR and 712 

electro-magnetics data over sites 2 and 3 in London.  All techniques utilised could 713 

detect the shelters in site 1, with EM deemed optimal for sites 2 and 3 and low-714 

frequency GPR surveys useful to narrow down shelter positions/walls on follow-up 715 

investigations. 716 

Subsequent site investigations confirmed the results at all three study sites, the 717 

Stanton air-raid shelters at study site 1 were partially filled, the brick shelters at site 2 718 

were completely refilled with conductive material and the public below-ground shelters 719 

at site 3 were still intact. 720 

Further work should geophysical survey other air-raid shelters, ideally an 721 

Anderson shelter which have not been surveyed in this study, to give the spectrum of 722 

common WW2 air-raid shelters.  723 

This study has shown how modern non-invasive geophysical techniques can 724 

provide new knowledge on WW2 air-raid shelters in the UK with a suggested workflow 725 

generated to assist other researchers to locate and characterize them. 726 



GEOLOCATION INFORMATION 727 

The Abbey Hulton study site 1 has the following co-ordinates: 53º02’22”N, 728 

2º08’33”W. The Shepherd’s Bush Common study site 2 has the following co-ordinates: 729 

51º30’14.4”N, 0º13’22.4”W. The study site 3 location has been anonymised due to 730 

client commercial sensitivities. 731 
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