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Ap pro pri ate as sess ment of spa tial vari a tion of soil and hydrogeological con di tions is a cru cial is sue in rec og niz ing foun da -
tion soil. The best meth ods to achieve this goal are those that sup ply con tin u ous rather than scat tered data on soil me dium
vari a tion. Elec tri cal re sis tiv ity was mea sured with the re sis tiv ity cone pen e tra tion test (RCPT) and elec tri cal re sis tiv ity to mog -
ra phy (ERT) with elec trodes spaced at 1 and 3 m in or der to dis crim i nate peat lay ers be neath low-re sis tiv ity clays. Soil con di -
tions de ter mined by drillings and ERT were not con cor dant, there fore re sis tiv ity mod el ling of the me dium was con ducted
based on geo log i cal units de ter mined by drillings and val ues of ap par ent re sis tiv ity ob tained from RCPT. The strata thick -
ness and elec trode spac ing is shown to have an in flu ence on re sis tiv ity im ag ing in com plex soil con di tions.
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INTRODUCTION

Nu mer ous re ports (Bia³ostocki et al., 2006; Bia³ostocki and
Farbisz, 2007; Soupios et al., 2007; Kowalczyk and
Mieszkowski, 2011; Bzówka et al., 2012) point to the ne ces sity of 
ap pli ca tion and to ad van tages of geo phys i cal sur veys in rec og -
niz ing soil and hydrogeological con di tions. Elec tri cal re sis tiv ity is
one of the lead ing geo phys i cal meth ods ap plied for as sess ing
the qual ity of foun da tion soil in civil en gi neer ing (e.g., Cosenza et 
al., 2006; Soupios et al., 2007; Sudha et al., 2009; Syed and
Siddiqui, 2012) and for de ter min ing the depth to the ground wa ter 
ta ble (e.g., Owen et al., 2005; Kirsch, 2009; Saad et al., 2012).

Ap pli ca tion of re sis tiv ity sur veys, par tic u larly elec tri cal re sis -
tiv ity to mog ra phy (ERT), al lows for an es ti mated pro jec tion of
the soil and hydrogeological con di tions in the subsurface us ing
im ag ing of ap par ent re sis tiv ity ob tained from the sur vey, both
with re gard to its mag ni tude and the ge om e try of the geo log i cal
units. A de tailed, al though scat tered iden ti fi ca tion of the soil and 
hydrogeological con di tions is ob tained from drillings which act
as benchmarks and are es sen tial for a cor rect rec og ni tion of the 
geo log i cal struc ture, par tic u larly in com plex soil con di tions. Ac -
cord ing to Bia³ostocki (1974), the drillings should be lo cal ized
based on ini tial in ter pre ta tion of geo phys i cal data. More over,
drill ing data should be taken into ac count in the fi nal stage of
geo phys i cal in ter pre ta tions.

Elec tri cal re sis tiv ity sur veys are char ac ter ized by high ef fec -
tive ness of their prospection, be cause elec tri cal re sis tiv ity is a

pa ram e ter that per fectly re flects the lithological and
hydrogeological vari a tion of the geo log i cal me dium (Bia³ostocki
and Farbisz, 2007; Farbisz et al., 2010). Ap par ent re sis tiv ity ob -
tained di rectly from the mea sure ments does not de fine the re -
sis tiv ity val ues in the stud ied geo log i cal me dium but may be
used to im age its vari a tion. 

The pa per pres ents an at tempt of iden ti fy ing and char ac ter -
iz ing the po si tion of two peat ho ri zons oc cur ring within sandy
de pos its un der a low-re sis tiv ity clay layer. The at tempt was
achieved by ap ply ing elec tri cal re sis tiv ity to mog ra phy in the
field with vari able elec trode spac ing and a re sis tiv ity model of
the me dium, de vel oped on the ba sis of drill ing and RCPT
sound ing data.

SITE CHARACTERISTICS

The pres ent sur vey was con ducted near Zwierzyniec, ca.
4 km to the north-east of Radzymin and ca. 30 km to the
north-east of Warszawa (cen tral Po land; Fig. 1). The study area 
is lo cated within a vast geomorphological unit known as the
Radzymin ter race. Its for ma tion is linked with the Vistulian Gla -
ci ation, dur ing which a mar ginal lake de vel oped in the War saw
Ba sin. The lake re sult ing from the damm ing of wa ter flow by the
Scan di na vian ice sheet was sub se quently filled with
ice-dammed de pos its. Af ter the re treat of the ice sheet, the flat
top of the ice-dammed de pos its was cov ered by a thin layer of
al lu vial sands, which were later sub ject to eolian pro cesses
(Baraniecka and Konecka-Bet ley, 1987). 

The geo log i cal suc ces sion in the study area be gins (from
the top) with fine sands of eolian or i gin. They are un der lain by
hor i zon tal varved clays with thin in ter ca la tions of silty sands.
Deeper oc cur sandy and or ganic de pos its rep re sent ing the
Eemian Inter gla cial. Fine and me dium sands with gravel and
peb bles at their base are sep a rated from the or ganic de pos its
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by ice-dammed clays. The or ganic se ries is com posed of two
peat ho ri zons and gyttja oc cur ring in the basal parts of the lower 
peat ho ri zon. The peat ho ri zons are sep a rated by fine sands of
al lu vial or i gin. Be low the or ganic de pos its there are me dium
sands of flu vio gla cial or i gin, un der lain by gla cial de pos its of the
Mid dle-Pol ish glaciations, rep re sented by tills and silts (Fig. 2).

METHODS

Elec tri cal re sis tiv ity meth ods in volve the mea sure ment of
the subsurface changes of the elec tri cal cur rent, man i fested as
the in crease or de crease of elec tric po ten tial be tween two elec -
trodes. This re la tion ship is re flected by elec tri cal re sis tiv ity,
which may be linked with lithological vari a tion of the soil or
rocks. Elec tri cal re sis tiv ity to mog ra phy (ERT) is a method al -

low ing cal cu la tion of subsurface elec tri cal re sis tiv ity based on a
large num ber of mea sure ments with ap pli ca tion of nu mer ous
elec trodes in stalled along a pro file. ERT data were col lected us -
ing the ABEM sys tem in a Schlumberger ar ray. The data was
col lected along two pro files with 1 and 3 m elec trode spac ing,
and with lengths of 120 and 60 m, re spec tively. The data col -
lected in this sur vey were in ter preted us ing RES2DINV soft -
ware (Loke and Barker, 1996; Loke et al., 2003) to pro vide an
in verse model that ap prox i mates the ac tual subsurface struc -
ture. Data pro cess ing and the in ver sion pro cess in cluded se lec -
tion of the most ac cu rate geoelectrical model for the me dium
that would re flect data col lected in the field. The pro ce dure
com prises suc ces sive, mul ti ple cal cu la tions and sub se quent
com par i sons (it er a tions), as sum ing a min i mal match ing er ror.
High pre ci sion of ERT mea sure ments, which al lows trac ing lat -
eral and ver ti cal vari a tions of elec tri cal re sis tiv ity in the me dium, 
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Fig. 1. Study area

A – position of the study area on the map of Poland, B – location sketch of the survey



re sults from the as sump tion that in ter pre ta tion of the me dium
model is based on the sub di vi sion of the mea sure ment space
into flat, par al lel blocks and not into flat and par al lel, in fi nite ho ri -
zons (Loke, 2001).

ERT sur veys sup ply a dense net work of mea sure ment
points al low ing for a quasi con tin u ous re cord of vari a tions in the
im age of phys i cal prop er ties char ac ter iz ing the geo log i cal me -
dium. In ter pre ta tion of the ob tained model in ERT sur veys was
gen er ally based on drillings, RCPT sound ing, as well as re sis -
tiv ity range of the geo log i cal me dium pre sented by Stenzel and
Szymanko (1973).

Soil re sis tiv ity sur veys con ducted with ap pli ca tion of the re -
sis tiv ity cone pen e tra tion test (RCPT) sup ply high res o lu tion re -
sults due to the fact that the cop per ring elec trodes are spaced
at 3 cm on an elec tri cal mod ule of the cone (Wenner ar ray).
When the cone pen e trates the soil at a con stant ve loc ity of
2 cm/s, the fol low ing cone pa ram e ters are mea sured as a func -
tion of depth: cone re sis tance qc, sleeve fric tion fs and soil re sis -
tiv ity ra. Based on the fric tion ra tio Rf, which is sleeve fric tion
ver sus cone re sis tance, and the mea sured soil re sis tiv ity in re -
la tion to spe cific clas si fi ca tion, it is pos si ble to in ter pret the li -
thol ogy of the me dium.

RESULTS AND DISCUSSION

Cor rect ap pli ca tion and in ter pre ta tion of geo phys i cal data in 
as sess ing soil and hydrogeological con di tions re quires not only
the knowl edge and un der stand ing of the phys i cal laws, on
which the par tic u lar meth ods are based, but also geo log i cal
data. Be side gen eral data on the study area, de tailed in for ma -
tion com pris ing bore hole data and lab o ra tory anal y ses is also
im por tant.

Ac cord ing to the con ducted drillings, the study area is char -
ac ter ized by com plex soil con di tions with re gard to en gi neer -
ing-geo log i cal clas si fi ca tion: the soil ho ri zons are dis con tin u -
ous, ge net i cally di verse and in clude or ganic de pos its (Fig. 2).
From the ground sur face, be neath a thin bed of sands and em -
bank ments, there is a con tin u ous clay ho ri zon with a vari able
thick ness be tween 1.6–2.7 m and with lenses of fine and clayey 
sand. Deeper oc cur sat u rated sands with two peat ho ri zons.
The first peat ho ri zon is dis con tin u ous and vari ably thick be -

tween 0.3–4.4 m. The sec ond peat ho ri zon, 1.6–3.0 m thick, is
sep a rated from the first ho ri zon by sat u rated sand, 0.6–4.0 m
thick. Be low the sec ond peat layer, gyttja oc curs lo cally on sat u -
rated sands. The low est strata drilled were silts (with the top at
9.3–10.9 m be low ground level) and tills (with the top at
17.5–18.0 m be low ground level). The ground wa ter ta ble in the
study area was sta bi lized at ca. 1.3 m be low the ground sur face.

ERT sur vey aimed at dis crim i nat ing peat ho ri zons be neath
the low-re sis tiv ity clays. So far, there are very few re ports on the 
ap pli ca tion of elec tri cal re sis tiv ity sur veys in de pict ing peat ho ri -
zons be low co he sive soils. How ever, such sur veys are of ten
used in stud ies of peatlands (Salter and Reeve, 2002; Co mas
et al., 2004; Nolan et al., 2008). Re sis tiv ity data was col lected to 
char ac ter ize the peat thick ness and struc ture and to im age the
hydrogeological frame work be neath the or ganic soil. ERT sur -
veys were made in two pro files along the same line, with elec -
trodes spaced at 3 and 1 m, re spec tively. Gen er ally, in the ERT
method, the spac ing be tween the par tic u lar elec trodes is se -
lected ac cord ing to the de sired res o lu tion. Ap pli ca tion of larger
spac ing re sults in deeper pen e tra tion of the geo log i cal me dium
but lower res o lu tion of the ob tained re sults. In the con ducted
sur vey, ap pli ca tion of dif fer ent spac ing be tween the elec trodes
was aimed at check ing the in flu ence of spac ing on the char ac -
ter is tics of com plex soil con di tions, par tic u larly on the dis crim i -
na tion and de scrip tion of the peat ho ri zons. 

The ERT sur vey al lowed to ob tain cross-sec tions im ag ing
the dis tri bu tion of re sis tiv ity in the base ment, us ing 2D in ver sion 
(Fig. 3). These im ages show gen er al ized mod els of the vari a -
tion of phys i cal pa ram e ters, which de pend mainly on two fac -
tors: hor i zon tal and ver ti cal vari a tion of the elec tri cal prop er ties
of the par tic u lar soils, as well as thick ness of par tic u lar ho ri zons
in the geo log i cal me dium. The base of the sands and em bank -
ments oc cur ring be neath the sur face, as well as the top and
base of the clays, char ac ter ized by the low est val ues of re sis tiv -
ity in the area can be dis tin guished in elec tri cal re sis tiv ity
cross-sec tions. The ERT sur vey dis crim i nated the pres ence of
peat ho ri zons in the subsurface. How ever, due to the fact that
peats in the study area oc cur as rather thin, dis con tin u ous ho ri -
zons within the sands, their ge om e try is not eas ily de ter mi na ble, 
be cause the re sis tiv ity of peats and sands oc cur ring di rectly be -
neath the clays and be tween the sands has been gen er al ized.
Due to in sig nif i cant vari a tion with re gard to elec tri cal prop er ties,
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 Fig. 2. Geological cross-section



the or ganic de pos its, i.e. peats and gyttja, have also been gen -
er al ized on the ob tained im age (Fig. 3). Com bi na tion of ERT
data and in for ma tion sup plied by drillings and RCPT sound ing
al lows geo log i cal iden ti fi ca tion of the dis tin guished units.

Due to lack of full con cor dance be tween the geo log i cal sit u -
a tion rec og nized by drillings on the one hand and by ERT on the 
other, a model of re sis tiv ity vari a tion based on geo log i cal units
de ter mined by drillings was pre pared. The geo log i cal sit u a tion
de scribed above and shown in the geo log i cal cross-sec tion
(Fig. 2) was mod elled with RES2DMOD soft ware (Loke, 2002),
which is a free 2D for ward mod el ling pro gram that cal cu lates
the ap par ent re sis tiv ity pseudosection for a user-de fined 2D
subsurface model. Val ues of ap par ent re sis tiv ity for par tic u lar
soil ho ri zons were ac cepted from RCPT sound ing con ducted in
the vi cin ity of the drill ing (Fig. 4). The de ter mined range of ho ri -
zons with sim i lar elec tri cal prop er ties is con cor dant with the
lithological units drilled in the nearby bore hole, as well as ho ri -
zons eval u ated through the Rf fric tion ra tio. Re sis tiv ity val ues

ac cepted af ter RCPT are as fol lows: 10 Wm for clays; 40 Wm for
the first peat ho ri zon, 45 Wm for the sec ond peat ho ri zon;
50 Wm for gyttja; 85 Wm for sat u rated fine sands; and 120 Wm
for sat u rated me dium sands. The fol low ing val ues of re sis tiv ity
were ac cepted for the re main ing soils on the geo log i cal
cross-sec tion: 60 Wm for tills; 70 Wm for clayey sands and silts;
300 Wm for sands in the aer a tion zone; and 500 Wm for em -
bank ments.

2D re sis tiv ity model was pre pared us ing RES2DMOD soft -
ware which cor re sponds to the struc ture of the sub-sur face part
of the geo log i cal ob ject ob tained by a Schlumberger ar ray for
elec trode spac ing at 1 m (Fig. 5) and 2 m (Fig. 6). For these two
cases, mod els of ap par ent re sis tiv ity were cal cu lated with the
help of RES2DMOD soft ware and the ob tained val ues were
saved in RES2DINV for mat. These ac tiv i ties were aimed at pre -
par ing data to cal cu late ac tual re sis tiv ity by in ver sion (Figs. 5
and 6 – In verse Model Re sis tiv ity Sec tion) of the ap par ent re sis -
tiv ity data (Mea sured Ap par ent Re sis tiv ity Pseudosection).
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 Fig. 3. Results of ERT survey made in a Schlumberger array at electrode spacing of 1 and 3 m

Fig. 4. Resistivity cone penetration test (RCPT) results



RES2DINV soft ware al lowed to ob tain an in verse model re sis -
tiv ity sec tion, which is the im age of ac tual re sis tiv ity, and a cal -
cu lated ap par ent re sis tiv ity pseudosection, which shows the o -
ret i cal data that would have been reg is tered in the field in the
case when the ob tained re sis tiv ity model would have cor re -
sponded with the ac tual re sis tiv ity im ag ing in the stud ied me -
dium. The sim i lar i ties be tween the ap par ent re sis tiv ity im ag ing
in tro duced as in put data to RES2DINV soft ware and the cal cu -
lated im ag ing in di cate the cor rect ness of the ob tained model of
re sis tiv ity im ag ing and is shown as the ab so lute er ror val ues
(Abs. er ror).

The model shows that elec trode spac ing in ERT sur veys
had sig nif i cant in flu ence on the im age res o lu tion of the re sis tiv -
ity vari a tion. In the model pre pared for 1 m elec trode spac ing,
the ge om e try of par tic u lar re sis tiv ity units can be de ter mined in
larger de tail in com par i son to the model pre pared for 2 m spac -
ing; in turn, the depth of the prospection in creases with in crease 
of elec trode spac ing.

Anal y sis of geoelectrical cross-sec tions ob tained dur ing
mod el ling con firms the con clu sions drawn from geoelectrical
field sur veys, i.e. re sis tiv ity for the dis con tin u ous, thin peat ho ri -
zons has been gen er al ized with that for sands oc cur ring within
and above the or ganic de pos its.
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Fig. 5. Results of modelling made in a Schlumberger array at electrode spacing of 1 m

 Fig. 6. Results of modelling made in a Schlumberger array at electrode spacing of 2 m



CONCLUSIONS

The ERT sur vey aimed at dis crim i nat ing peat ho ri zons ly ing 
be neath low-re sis tiv ity clays. The con ducted anal y ses have ac -
com plished this aim, but the de tailed ge om e try of the peat layer
could not be de ter mined due to the fact that the re sis tiv ity of
peats was gen er al ized with the re sis tiv ity of sands, within which
the peats oc cur.

ERT sur veys do not sup ply sat is fac tory re sults in ar eas with
com plex soil con di tions when the thick ness of the par tic u lar ho -
ri zons is small and/or the re sis tiv ity vari a tion for par tic u lar ho ri -
zons is low.

At pres ent, the ba sic sur veys de ter min ing the in situ shear
strength of soils are CPT and DMT. The ap plied de vices are
fre quently equipped with seis mic (SCPT, SDMT) or elec tri cal

mod ules (RCPT). Soil re sis tiv ity con tin u ously reg is tered with
pen e tra tion of cone in the soil should be taken into ac count in in -
ter pret ing ERT or ver ti cal re sis tiv ity sur veys.

Mod els of ap par ent re sis tiv ity im ag ing in the sur veyed me -
dium are pro posed to be made when in ter pret ing elec tri cal re -
sis tiv ity cross-sec tions for com plex soil con di tions. The thick -
ness and num ber of dis tin guished units in the model should be
based on knowl edge gained from geo log i cal drillings, while the
val ues of ap par ent re sis tiv ity for par tic u lar units should be ac -
cepted af ter RCPT sur veys con ducted in the vi cin ity of the bore -
hole.
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