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Knowl edge of the fric tion co ef fi cient on frac ture sur faces within tight res er voirs, geo log i cal stor age sys tems, and the seals of
con ven tional res er voirs, is in creas ingly im por tant in the geomechanical anal y sis of frac tur ing treat ment and the as sess ment
of seal in te gra tion. We mea sured the static fric tion co ef fi cient (µ) of 118 sam ples of bed ding frac tures and 52 sam ples of tec -
tonic frac tures taken from a bore hole core from the depth in ter val of 3-4 km in the early Pa leo zoic Bal tic Ba sin shale res er voir
(North Po land). In to tal, 3372 mea sure ments of µ were made. Based on re peated mea sure ments un der the same load ing
and wet ting con di tions, the re peat abil ity of the data ob tained was eval u ated. A sig nif i cant re duc tion of the µ value with in -
creas ing load was de ter mined, due to the wet ting of frac ture sur faces. The gra di ent of µ value de crease caused by the in -
crease in load was com pared with pre dic tions for re al is tic ranges of pa ram e ters es ti mated on the ba sis of Barton's em pir i cal
law. For groups of frac tures with sim i lar µ val ues, the trends are com pa ra ble with Barton's pre dic tions and the gra di ents sys -
tem at i cally de crease with de creas ing µ. This al lowed a rough ex trap o la tion of  val ues mea sured un der very low-load res er -
voir con di tions.
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INTRODUCTION

Shale suc ces sions are usu ally nat u rally in tensely frac tured,
both along bed ding sur faces and as tec tonic or i gin fail ures
(Gale et al., 2014). Dur ing the hy drau lic stim u la tion of tight res -
er voirs, such me chan i cal dis con ti nu ities can be sheared or
opened by in creased fluid pres sure, de pend ing on the pres -
ent-day stress con di tions on their sur faces (Zoback et al., 2003; 
Aimene and Ouenes, 2015). Due to the ac tion of tec tonic
forces, most frac tures have shear stress at their sur faces that
may trig ger shear dis place ment. Es ti ma tions of en ergy re lease
re corded by the mon i tor ing of microseismic events dur ing hy -
drau lic frac tur ing in di cate that such shear frac ture stim u la tion is
very com mon and can be gen er ated even by millimetric dis -
place ment on a 1 m2 sur face (Maxwell, 2011; Bachmann et al.,
2012). When, due to a high fracking fluid pres sure, shear re ac ti -
va tion takes place un der de creased ef fec tive stresses, the frac -
ture wall as pe ri ties are not de stroyed and are able to main tain
the open cracks. Such nat u rally propped frac tures con trib ute to

an in crease in the ef fec tive permeabili tyof a res er voir (Gu et al., 
2016). Other than by the stress con di tions, such shear mode
frac ture re ac ti va tion is con trolled by peak shear strength, which
is ex pressed by a static/peak fric tion co ef fi cient on the frac ture
sur face. A com pre hen sive geomechanical model of a frac tured
res er voir, tak ing into ac count the spa tial re la tion ships be tween
prin ci pal stress axes and frac ture ori en ta tions, can pre dict
whether the re ac ti va tion of pre-ex ist ing tec tonic struc tures or
new hy drau lic frac tures will de velop as a re sult of in creased
fluid pres sure caus ing frac tur ing. In such a model, the static fric -
tion co ef fi cient, which con trols the level of shear stress re quired
to ini ti ate slip, plays a crit i cal role. If the ori en ta tion of the struc -
tures is fa vor able for re ac ti va tion, lower pump ing pres sures can 
be planned and the proppant se lected ac cord ingly, as this plays 
a lesser role in main tain ing res er voir per me abil ity if the frac -
tures are sup ported by nat u ral as pe ri ties. Fric tion on pre-ex ist -
ing frac tures also in flu ences hy drau lic frac ture prop a ga tion and
ar rest (An der son, 1981; Eshiet and Sheng, 2017). A low fric tion
co ef fi cient on bed ding in ter faces fa vours the me chan i cal de -
coup ling of lay ers that eases the ar rest of hy drau lic frac ture
prop a ga tion (Renshaw and Pol lard, 1995; Cooke and Under -
wood, 2001).This co ef fi cient is also im por tant for wellbore sta -
bil ity con sid er ations (Liu et al., 2010; You et al., 2014; Yan et al., 
2018). For ex am ple, the fric tion in the in clined bore hole sec -
tions of both the tec tonic and bed ding frac tures may be equally
im por tant.
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The static fric tion co ef fi cient is the ra tio be tween the max i -
mum tan gen tial and nor mal stresses to the frac ture sur face at
the mo ment the shear dis place ment is trig gered. The sug -
gested meth ods for de ter min ing the shear strength are given by 
the In ter na tional So ci ety of Rock Me chan ics (SM for De ter min -
ing Shear Strength – 1974 in: Chap ter 2 – Lab o ra tory test ing,
ISRM, 2007), which were re vised by Muralha et al. (2014). Ex -
cept for the rare cases of the fric tion co ef fi cient be ing mea sured 
in the field on large frac ture sur faces, which is not ap pli ca ble to
res er voirs at a depth of sev eral kilo metres, the ISRM rec om -
mends lab o ra tory fric tion tests on bore hole core sam ples. Con -
ven tion ally, di rect shear test ing is con ducted with a con stant
nor mal load ap plied to the dis con ti nu ity plane, which is ap pro -
pri ate for the de ter mi na tion of the peak fric tion co ef fi cient. The
max i mum shear strength can be es ti mated also un der con stant
nor mal stiff ness bound ary con di tions. Such tests, as rec om -
mended to study fric tion at non-pla nar frac tures, al ways lead to
heavy wear of the sur face ex am ined. Strongly rec om mended
by the ISRM, but rarely per formed, are multi-stage shear tests
of frac ture strength. For a cer tain uni form rock vol ume con tain -
ing frac tures, shear strength can be mea sured at sev eral frac -
ture sam ples, un der dif fer ent mag ni tudes of the con stant nor -
mal load or stress. This al ways poses the chal lenge of col lect -
ing a ho mo ge neous set of frac tures with com pa ra ble fric tion pa -
ram e ters. In the field, sev eral sam ples can be taken from one
frac ture, but this is typ i cally not pos si ble while sam pling a bore -
hole core. Al ter na tively, in a multi-stage test, the same frac ture
spec i men can be sheared re peat edly un der dif fer ent or con -
stant nor mal load con di tions. At least three load steps in in -
creas ing load or der are nec es sary to de ter mine fric tion co ef fi -
cient changes (ISRM Sug gested Method for Lab o ra tory De ter -
mi na tion of the Shear Strength of Rock Joints: Re vised Ver sion
in ISRM, 2015). In such an ex per i ment, a con tin u ous dis place -
ment in sub se quent load steps can be ap plied, or re po si tion ing

of the sam ple to its ini tial po si tion can be re peated af ter each
mea sure ment. The last kind of test is more ap pli ca ble for the
de ter mi na tion of peak shear strength, in which the ini tial frac ture 
mor phol ogy is im por tant. In gen eral, the scar city of bore hole
core data, and the de struc tive char ac ter of shear strength tests,
mean that the num ber of such mul ti ple tests from shale res er -
voirs is very lim ited.

In the course of struc tural pro fil ing of bore hole core from a
shale res er voir in the lower Pa leo zoic suc ces sion of the Bal tic
Ba sin (north Po land), we found hun dreds of tec tonic and bed -
ding frac tures (Bobek and Jarosiñski, 2021). Tak ing ad van tage
of this, we de cided to sys tem at i cally mea sure the static fric tion
co ef fi cient (µ) of the frac tures, which pa ram e ter be ing usu ally
un de ter mined for shale res er voirs. Such sup ple men tary mea -
sure ments were to be made in core stor age, us ing a fast and
non-in va sive test method, mean ing with out the de struc tion of
the core sam ple and frac ture sur faces. With these lim i ta tions,
we de signed a multi-stage shear strength test, un der very low
load con di tions us ing three load steps in wet and dry con di tions. 
In this pa per we pro vide an anal y sis of the re peat abil ity of the µ
mea sure ments ob tained. The trends for µ vary and their sig nif i -
cance was tested us ing sta tis ti cal anal y sis. Fi nally, we dis cuss
the pos si bil ity of in ter pret ing our mea sure ments in terms of
Barton’s law of fric tion.

GEOLOGICAL CONTEXT 
OF THE FRACTURE DATA

For our ex per i ments, we had ac cess to con tin u ous bore hole 
core pro files from six ver ti cal bore holes drilled by the Pol ish Oil
and Gas Co. The bore holes were lo cated in the Pom er a nian
(Pol ish) part of the Or do vi cian and Si lu rian shale suc ces sion of
the Bal tic Ba sin (Fig. 1A; Poprawa, 2020). The frac ture sam ples 
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Fig. 1A – bore hole data lo ca tion map (Bobek and Jarosiñski, 2021, mod i fied); B – lithostratigraphy of the lower Pa leo zoic shale
suc ces sion (Modliñski and Podhalañska, 2010, mod i fied)

Grey – claystone and mudstone, yel low – sand stone and siltstone, blue – lime stone and marl
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ana lysed are from five shale for ma tions (Fig. 1B; Podhalañska
et al., 2020). The most pro spec tive are the Sasino and Jantar
black shales, of mean to tal or ganic car bon con tent (TOC) >2%.
These for ma tions are sep a rated by the car bon ate-rich Prabuty
For ma tion. The up per most, Pas³êk and Pelplin, for ma tions,
have a mean TOC <1.5 %. The Pas³êk, Jantar and Sasino for -
ma tions con tain sev eral tuffite/ben ton ite in ter ca la tions that
cover the bed ding frac tures.

The en tire suc ces sion ana lysed is heavily frac tured along
the hor i zon tal bed ding planes (BFr) and as ver ti cal tec tonic
(TFr) frac tures. The BFrs are usu ally smooth and pla nar as a
re sult of the flat ten ing of clay min eral laminae due to com pac -
tion (Fig. 2A), with rare ma jor sur face rough ness cre ated by
sed i men tary fea tures. The TFrs are mostly pla nar and
strata-bound joints (Fig. 2B) of extensional or i gin (type I)
(Ramsay and Huber, 1987) trig gered by nat u ral hy drau lic frac -
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Fig. 2. Ex am ples of the frac ture sur faces ana lysed: A, B – bed ding frac tures; C, D – tec tonic frac tures; E, F – tuffite/ben ton ite
bed ding planes
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tur ing (Bobek and Jarosiñski, 2018, 2021). The sur faces of
joints are rarely pol ished by shear-mode tec tonic re ac ti va tion,
while be ing fre quently filled with cal cite, typ i cally cre at ing
0.01–0.5 mm thick veins. The veins are sec ond arily cracked ei -
ther tec toni cally or due to re lax ation dur ing bore hole core re -
trieval to the sur face (Engelder et al., 2009; Gale et al., 2014).
The cracks split veins ei ther along the cen tral su ture, a fea ture
of syntaxial veins, or at the min eral infill/host rock in ter face,
com mon for antitaxial veins (Ramsay and Huber, 1987). In both 
cases, the me chan i cal prop er ties of TFr sur faces are not only
con trolled by the host rock ma trix prop er ties, but also by min er -
al iza tion. Sub or di nate frac tures cre ated by slick en sides are not
in cluded in this study.

While study ing nat u ral frac tures in shales, one should dif fer -
en ti ate these from drill ing-in duced frac tures (Lorenz and Coo -
per, 2017), the or i gin of which is trig gered by tech no log i cal
stress and pres sure am pli fi ca tion in the near-bore hole zone
(Kulander et al., 1990). The lat ter are e.g. core-disking re sem -
bling BFr, or centreline frac tures sim i lar to joints (Lorenz and
Coo per, 2017). How ever, the spe cific fea tures of the in duced
frac tures, such as their sur face re lief or ge om e try with re spect
to the core, are di ag nos tic. If BFrs and TFrs are pres ent, their
den sity typ i cally var ies in the range of 2–6 frac tures per metre
(Bobek and Jarosiñski, 2021). In our study, we use the more
gen eral term “frac ture”, in stead of “joint” (used com monly in en -
gi neer ing stud ies), due to the dif fer ent or i gins of these two

struc tures. Fol low ing this, we have dis tin guished three ge netic
groups of frac tures: (1) bed ding frac tures (BFr); (2) tec tonic
frac tures (TFr); and (3) tuffite/ben ton ite bed ding planes (Tuf).
The first two groups were ana lysed sys tem at i cally, while the last 
was only noted oc ca sion ally.

THE EXPERIMENTAL SETTING

Our di rect shear ex per i ment has been per formed us ing a
self-made de vice (Fig. 3). The lower part of the spec i men was
fixed in the holder, which al lows for a sim ple lev el ling of the frac -
ture plane. The force nor mal to the frac ture plane is gen er ated
by a grav ity load of weights ex erted on the up per, mo bile part of
the sam ple. This mo bile part is pulled hor i zon tally by a dy na -
mom e ter. Dur ing the shear mo tion of the up per sam ple, the
frac ture-nor mal force is kept con stant. The tests at each frac -
ture were con ducted in sev eral load steps, which were sim i lar
for dry and wet con di tions.

MEASUREMENT STEPS

The de tails of our ex per i ment are given be low:
Frac ture sam ple se lec tion. Dif fer ent frac ture types should

be rep re sented in the fric tion tests in pro por tion to their
occurrrence. The sam ples cho sen had to be me chan i cally
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Fig. 3. The ap pa ra tus used for static fric tion co ef fi cient mea sure ments af ter set ting the sta ble part (A); set, lev elled, loaded
sam ple (B) and mea sure ment scheme (C)

Blue in di cates the sta ble part of the sam ple, red the mo bile sam ple, with yel low for the load ex tender
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strong, to al low them to be fixed in the ap pa ra tus. This con di tion 
was not ful filled by ~50% of the tec tonic frac tures (TFr) ob -
served and by 20% of the bed ding frac tures (BFr), among which 
the thicker tuffite/ben ton ite beds are es pe cially frag ile or prone
to dis in te gra tion. The frac ture sur face should lack mac ro scopic
locks or bar ri ers that can pre vent dis place ment un der low shear 
stress. As smooth frac ture planes were com mon in the shale,
only a few frac tures pos sessed locks that made mea sure -
ment-tak ing im pos si ble.

Mea sure ment of the frac ture sur face area. Due to the or -
thogo nal po si tion of bore hole axes to the bed ding (dip ping at
<3°) ar eas of the BFr were de ter mined from the sim ple cir cu lar
ge om e try of the core pla nar in ter sec tion (Fig. 3). In the case of
more com plex TFr ge om e tries, their sur face ar eas were mea -
sured from out lines drawn on pa per us ing a planimeter.

Weigh ing of the mo bile part of the sam ple was per formed
us ing a lab o ra tory scale ac cu rate to 0.001 kg.

Hold ing the im mo bile part of the sam ple. The lower part of
the sam ple was fixed in the mea sur ing de vice with a screw
holder, us ing rub ber and poly sty rene pads in or der to pre vent
the point in dent ing or crush ing the sam ple. While be ing
emplaced, the frac ture sur face was hor i zon tally lev elled.

Fix ing rub ber to the mo bile part of the sam ple. A rub ber
buffer was used to avoid a rapid in crease in tan gen tial load and
un de sir able dy namic ef fects while pull ing the sam ple. To avoid
the ten dency of the sam ple to ro tate in the ver ti cal plane while
pull ing, the rub ber was fixed close to the frac ture plane with
tape. Ro ta tion in the hor i zon tal plane was min i mized by fix ing
the rub ber in the di rec tion of pull. The rub ber stiff ness was ad -
justed to the shear force in or der to min i mize the mo bile sam ple
dis place ment af ter its first mo tion, to avoid un nec es sary de -
struc tion of the frac ture sur face.

Po si tion ing the frac ture walls. Two parts of the sam ple were
care fully placed against each other with the mo bile part be ing
on top. The orig i nal jux ta po si tion of frac ture re lief on both frac -
ture walls was easy to de tect man u ally, and fa cil i tated by means 
of scribes made on the core.

Nor mal load ing of the frac ture sur face. A con stant load nor -
mal to the frac ture sur face was ap plied grav i ta tion ally by the
mov ing part of the spec i men and ad di tional ex tend ers were at -
tached. Lead buck shot was used as ex tend ers with the size of
bags sim i lar to the di am e ter of the sam ples, which made it eas -
ier to find the cen tral po si tion of the load against the sam ple.
The weight of each ex tender was 1 kg.

Shear load ing of the frac ture plane. The shear load was ap -
plied by pull ing the dy na mom e ter which was fixed through the
rub ber loop to the mo bile part of the sam ple. The rub ber was
stretched gently in the hor i zon tal di rec tion un til the first mo tion
of the mo bile part of the spec i men was de tected. The peak
shear force was au to mat i cally re corded by the dy na mom e ter
with a nom i nal ac cu racy of ±0.1% and units ac cu rate to 0.01 N,
as de scribed by its man u fac turer. In all mea sure ments of the
same sam ple, the shear load was al ways ap plied in the same
di rec tion.

Sam ple re po si tion ing. Af ter each mea sure ment, the dust
from the frac ture sur face abra sion was blown away (dry ex per i -
ment) or wiped with a wet sponge (wet ex per i ment). Then the
mo bile part of the sam ple was placed at its ini tial po si tion and
the shear ex per i ment was re peated.

EXPERIMENTAL CONDITIONS

The mea sure ments were done in a closed room, at the
bore hole core stor age fa cil ity. Each frac ture sam ple was first
sheared un der dry con di tions, and then the same ex per i ment
was re peated un der wet con di tions. Both dry and wet ex per i -

ments were per formed in three load steps with three re peated
mea sure ments for each load step. This re sulted in 18 mea sure -
ments per formed for one frac ture sam ple, ap plied al ways in the
same se quence. Dur ing the ini tial ex per i ments, ded i cated to
con strain ing frac ture wear, the num ber of mea sure ments was
dou bled, giv ing 36 mea sure ments per frac ture.

In the first load step, the weight of the mo bile part of the
sam ple was in creased by us ing a 1 kg ex tender; in the sec ond
load step, by 2 kg of ad di tional load; then in the 3rd load step, by
an ad di tional 3 kg, to tal ling 6 kg of ex tend ers plus the weight of
the mo bile part of the sam ple. In a few cases, due to sam ple in -
teg rity prob lems, a max i mum of 5 kg ex tender weight was ap -
plied. The max i mum load in the ex per i ment was lim ited by the
re quire ment of a non-de struc tive test, as well as by the con -
struc tion of the mea sur ing de vice. A full test of 18 mea sure -
ments on one frac ture took 10–15 min utes.

The dry ex per i ments were per formed on air-dried sam ples,
which had been in stor age for 1–3 years. The tem per a ture dur -
ing mea sure ments was in the range of 16–24°C. For wet ex per -
i ments, the frac ture sur faces were slightly moist ened with a wet
sponge so as not to flood the sam ple. We dis cov ered that an
ex cess of wa ter on the frac ture sur face may cause in ad vis able
stick ing of the frac ture walls in duced by wa ter sur face ten sion,
which in flu enced the re sults of our low load tests. The shear test 
started im me di ately af ter the sam ple wet ting. Both wet ting and
clean ing of the frac ture sur face were re peated be fore each re -
po si tion ing of the sam ple. By us ing a small amount of wa ter,
which evap o rated im me di ately af ter the test, we min i mized
shale-wa ter re ac tions that might soften the frac ture sur face.

RESULTS OF THE MULTI-STAGE SHEAR
EXPERIMENTS

RAW RESULTS

Al to gether, we ex am ined 183 frac ture sam ples, for which a
to tal of 3372 in di vid ual mea sure ments were com pleted. Among 
these, there are 118 bed ding plane frac tures (BFr), 52 tec tonic
frac tures (TFr), and 13 tuffite/ben ton ite bed ding planes (Tuf)
(see Ap pen dix 1). Due to sig nif i cant ge netic dif fer ences be -
tween these three groups of frac tures, their re sults are pre -
sented sep a rately. Only two tests were not com pleted due to
the dis in te gra tion of the sam ples; for the re main ing sam ples, µ
was de ter mined. In each test, the load nor mal to the frac ture
plane, Fn was ap plied and the max i mum shear force, Ft, tan -
gen tial to the frac ture sur face, was mea sured. Di vid ing these
forces by the frac ture’s sur face area re sults in the de ter mi na tion 
of nor mal stress (sN), and tan gen tial stress (t), re spec tively.
From the above stress data, as sum ing a lack of co he sion on
the open frac tures, the fric tion co ef fi cient µ was cal cu lated us -
ing the for mula (Amontons, 1699):

m t s= / N [1]

For each in di vid ual frac ture, 18 µ mea sure ments were
made. We ob served that the µ value sys tem at i cally de creases
with in creas ing sN in the three suc ces sive steps, both in dry and 
wet ex per i ments (Fig. 4). Also, the re sults of tests in dry con di -
tions are sys tem at i cally higher than those for wet con di tions, for 
the same frac ture and nor mal load. This raises the ques tion of
whether these sys tem atic µ changes are sig nif i cant, and if they
oc cur due to wear of the frac ture sur face in re peated tests.
These ques tions are cov ered in de tail in the fol low ing chap ters,
with sub se quent ex ten sive dis cus sion.
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The col lec tive re sults of our mea sure ments are shown on
the sN and t di a grams sep a rately for the TFr and BFr data
(Fig. 5). The sys tem atic dif fer ence in the re sults for dry and wet
ex per i ments means that both these groups of mea sure ments
need to be shown sep a rately. As a re sult, we ob tained four plots 
where, for clar ity, one point rep re sents the av er age value of the
three mea sure ments for each load step. These di a grams il lus -
trate the range of sN ap plied in our ex per i ments, rang ing from
ap prox i mately 1.5 to 20 kPa. The group ing of points on these
charts shows a gen eral up ward trend for which the lin ear re -
gres sion can be in ter preted in terms of Cou lomb fric tion cri te ria, 
in clud ing co he sion (c) on the frac ture sur face (Jae ger and
Cook, 1979):

t m s= * +N c [2]

In each di a gram, the in ter sec tion of the lin ear trend with the
t axis in di cates rem nant co he sion in a range be tween 0.3 and
0.5 kPa. De spite the co he sion be ing low, its con tin u ous pos i tive 
value for split frac tures may be sig nif i cant. It sug gests that the
strength en ve lope may not fol low a lin ear re gres sion trend even 
within a nar row range of loads. This could be a con se quence of
the µ de crease noted with an in crease in sN. Ten ta tively, from
the in cli na tion of the lin ear func tion to the 0X axis the mean val -
ues of µ for the frac ture sets can be es ti mated in the range from
0.50 to 0.56. From the sim ple re la tion:

f m=arctan( ) [3]

the mean fric tion an gle (f) for the lin ear Cou lomb cri te ria for
the groups ex am ined is es ti mated to be in the range of 26–29°.
Al though each group con tains a large num ber of dif fer ent frac -
tures, the high cor re la tion co ef fi cients R2 ob tained (be tween
0.85 and 0.93) sug gest rel a tively ho mo ge neous fric tional prop -
er ties of the BFr and TFr frac ture sets.

WEAR OF FRACTURE SURFACES IN THE REPEATED 
MULTI-STAGE TESTS

At the be gin ning of our ex per i ment, we checked whether our 
mea sure ments in flu enced the fric tion prop er ties of the frac ture
sur faces. Af ter the first fric tion tests, we ob served a small
amount of dust re main ing on the frac ture sur face. This dust was 
blown away from the dry frac tures or wiped with a sponge from
the wet ones be fore each suc ces sive mea sure ment. De spite
this tiny ef fect, we did not no tice any fresh scratches cre ated
dur ing tests. To check if this de gree of frac ture sur face abra sion 
might in flu ence the static fric tion prop er ties, we or gan ised ex -
per i ments on three BFr sam ples with dif fer ent ini tially de ter -
mined µ val ues. The BFrs were se lected due to their higher clay 
min eral con tent, that the o ret i cally should make them more sus -
cep ti ble to wear than min er al ized TFrs. The val ues, or der, and
di rec tion of load ap pli ca tion were ex actly the same. The dif fer -
ence was that af ter the first day of the ex per i ment, with 18 mea -
sure ments in dry and wet con di tions per formed on each of
these three frac tures, the sam ples were dried for 24 hours at
am bi ent con di tions, af ter which an other se ries of 18 mea sure -
ments were made, re peat ing the scheme from the pre vi ous
day. It fol lows that be fore each re peated mea sure ment un der
the same con di tions, as many as 18 other fric tion tests were
car ried out un der var i ous loads and wet ting con di tions which
could in flu ence  wear on the frac ture sur face.

For each sam ple, the char ac ter is tic de crease of µ val ues
was no ticed be tween load steps and be tween the dry and wet
ex per i ments (Fig. 6), sim i lar to those shown pre vi ously (Fig. 4).
We can also spot that the re sults for in di vid ual load steps from
the first day seem to be more dis persed than those from day
two. This may sug gest a cer tain smooth ing of the frac ture sur -
face. To con firm the sig nif i cance of this ef fect on the value of µ,
we have av er aged three µ val ues for each load step and
checked the dif fer ences be tween the first- and sec ond-day re -
sults un der the same wet ting and load con di tions (Ta ble 1). We
can see that the ob tained dif fer ences are rather small, rang ing
from -0.008 to +0.007 which yields less than 1.5% of the av er -
age µ value. Al though we have ob tained a soft en ing of the frac -
ture sur faces in 14 cases, as well as only 4 cases of hard en ing,
the mean range of 18 dif fer ences equals 0.002 ±0.004
(~0.5–1% of µ val ues). For only four cases the soft en ing is
slightly higher than the stan dard de vi a tion of mea sure ments.

Con sid er ing the above, we con cluded that mi nor abra sion
of the frac ture sur face does not lead to a sig nif i cant µ change in
our multi-stage shear ex per i ment. Nev er the less, look ing at the
stan dard de vi a tion for the se quence of three load steps for each 
sam ple, we can ob serve some pre dict abil ity. The spread of µ
ex pressed by the stan dard de vi a tion, in the first load steps is al -
ways the high est, while the spread for the third load steps is al -
most al ways the low est. The same ap plies to the dry and wet
tests, in which the stan dard de vi a tions for dry tests are al ways
higher (mean value 0.009) than those for wet tests (mean value
0.007), con sid er ing the same load con di tions. These re la tion -
ships, though mi nor, were fur ther in ves ti gated by ana lys ing
hun dreds of frac ture sam ples.

WEAR OF FRACTURE SURFACES UNDER LOW LOAD CONDITIONS

The pre vi ously de scribed ex per i ment in di cated neg li gi ble
frac ture sur face wear in the course of mul ti ple mea sure ments
un der low load con di tions. To fol low that, we eval u ated this re la -
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Fig. 4. An ex am ple of the test re sults for one BFr sur face,
which con sists of 18 mea sure ments

Note the more ac cu rate ver ti cal scale with re la tion to the fol low ing
di a grams, ad justed to make in di vid ual mea sure ments more vis i ble

https://doi.org/10.1017/S001675680003274X


tion ship us ing thou sands of mea sure ments. In or der to es ti -
mate the re peat abil ity/pre ci sion of mea sure ments, each sam -
ple was mea sured three times un der the same load and wet ting 
con di tions. Any change of µ be tween test rep e ti tions might be
at trib uted to the in ac cu racy of the mea sure ment and/or to the
wear of a sam ple. In the first case, the dif fer ences be tween the
suc ces sive three mea sure ments are ran dom, as long as there
is no re cur ring/time-de pend ant fac tor in the ex per i men tal setup. 
From there on, we as sume that all er rors are ran dom with an
un known mean and stan dard de vi a tion. In con trast, the wear
fac tor should ap pear as a sys tem atic rise/drop in fric tion with re -
spect to con sec u tive test rep e ti tions un der the same load.
Since we as sume a ran dom char ac ter of mea sure ment er rors,
any sys tem atic changes in fric tion caused by wear are as -
sumed to be at most lin ear to the fric tion length – here un der -
stood as equal to the num ber of test rep e ti tions. Both load and
fric tion length are small, there fore we as sume that any sig nif i -
cant wear would lead to an ap prox i mately lin ear change in fric -
tion dur ing con sec u tive steps.

Firstly, to jus tify the use of lin ear in ter po la tion we eval u ated
the Pearson cor re la tion co ef fi cient, PCC (Pearson, 1895), be -
tween test rep e ti tions for all sam ples and test con di tions. The
PCC is an ex pres sion of the lin ear cor re la tion be tween vari -
ables. It ranges from –1 to 1, where 1 is a strictly lin ear cor re la -
tion be tween vari ables, –1 is a lin ear cor re la tion with a neg a tive
slope, and 0 in di cates no lin ear cor re la tion. Usu ally, the cor re la -
tion is as sumed strong if the ab so lute value of PCC is larger
than 0.9, but that value limit is a sub jec tive choice. The PCC
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Fig. 5. Stress nor mal to frac ture sur faces vs. shear stress for bed ding (BFr) and tec tonic (TFr) frac tures: 
A – dry BFr; B – dry TFr; C –  wet BFr; D – wet TFr

One point on the di a gram is an av er age of 3 mea sure ments for each load step

Fig. 6. Two mea sure ment cy cles (1–9 and 10–18) test ing the ef -
fect of sur face abra sion in re peated tests. The anal y ses of dry
sur faces are shown as cir cles while those for wet sur faces are
rep re sented by stars

https://doi.org/10.1098/rspl.1895.0041


eval u a tion of all test sam ples (Ta ble 2) re vealed that in the case 
of tests run un der the same load and wet ting con di tions, the
min i mum cor re la tion value be tween rep e ti tions is equal to 0.96
for load step 1, and above 0.97 for the re main ing ones, in di cat -
ing very strong lin ear cor re la tions be tween test rep e ti tions un -
der the same load. In other words, it is jus ti fied to as sume that

there is at most a lin ear change of µ for test rep e ti tions pres ent
in the data. It should be strongly em pha sized, that while at this
point, we as sume lin ear cor re la tion, we will pro ceed to show
that in fact, µ is con stant (triv ial lin ear func tion y = const.) with
the same load rep e ti tions; we do not ob serve the in flu ence of
wear.

To fur ther in ves ti gate the amount of pos si ble wear of a sam -
ple, we fit ted sec ond-or der poly no mi als to the (nor mal ized by
load step av er aged) re peated test val ues. Nor mal iza tion
through av er ag ing gave us the pos si bil ity to seek any re la tion
be tween test rep e ti tions and µ among all the sam ples, not only
per piece. We found that both the cu bic and lin ear in ter po la tion
co ef fi cients were be low 0.5% of the av er age µ, with a stan dard
de vi a tion of <3%. Based on that, we con cluded that no sig nif i -
cant wear was ob served dur ing the ex per i ment. Ad di tion ally,
the rel a tive de vi a tion in a sin gle mea sure of µ from the av er age
out of all the rep e ti tions un der a given load value has a stan dard 
de vi a tion in the range of 1.2–3.2% (Ta ble 3) with a mean value
of 2.2%, which gives a good es ti mate of the mea sure ments’
pre ci sion. In other words, re peated mea sure ments of the same
value for the same sam ple, un der the same con di tions and the
same load, de vi ate from the av er age value at those con di tions
by ±~3%  of the av er aged value (68% of all cases) and by ±6%
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Sam ple
No. Con di tions Load

step
µ1

(1st day)

µ2

(2nd day)
St. dev. for
Load Steps

Dif fer ence

(µ1–µ2)

73

dry

1 0.788 0.786 0.016   0.002

2 0.739 0.742 0.008 –0.003

3 0.718 0.715 0.007   0.003

wet

1 0.701 0.698 0.015   0.003

2 0.688 0.681 0.007   0.007

3 0.649 0.652 0.004 –0.003

79

dry

1 0.614 0.608 0.019   0.006

2 0.574 0.573 0.008   0.001

3 0.556 0.549 0.007   0.007

wet

1 0.553 0.561 0.018 –0.008

2 0.496 0.494 0.008   0.002

3 0.489 0.482 0.005   0.007

110

dry

1 0.503 0.499 0.01    0.004

2 0.451 0.446 0.004   0.005

3 0.434 0.428 0.004   0.006

wet

1 0.469 0.470 0.004 –0.001

2 0.423 0.420 0.002   0.003

3 0.4    0.397 0.003   0.003

Mean µ dif fer ence ± St. Dev. 0.002  ±0.004

The µ1 and µ2 val ues stand for the mean from 3 mea sure ments for each load step. The stan dard
de vi a tion is cal cu lated for each load step from the re sults of 3 mea sure ments

T a  b l e  1

The re sults of re peated multi-stage fric tional tests on three sam ples

Load step 1

Rep e ti tion 1 Rep e ti tion 2 Rep e ti tion 3

Rep e ti tion 1 X 0.963 (wet) 0.972 (wet)

Rep e ti tion 2 0.963 (dry) X 0.981 (wet)

Rep e ti tion 3 0.976 (dry) 0.982 (dry) X

Load step 2

Rep e ti tion 1 X 0.984 (wet) 0.985 (wet)

Rep e ti tion 2 0.991 (dry) X 0.984 (wet)

Rep e ti tion 3 0.987 (dry) 0.988 (dry) X

Load step 3

Rep e ti tion 1 X 0.986 (wet) 0.993 (wet)

Rep e ti tion 2 0.995 (dry) X 0.986 (wet)

Rep e ti tion 3 0.975 (dry) 0.976 (dry) X

One over di ag o nal in di cates that µ at LS1 in rep e ti tion 1 is al ways
equal to it self (Y = 1*X + 0, as Y = X). Val ues close to 1.0 pre sented
off-di ag o nal in di cate that the re la tion be tween µ be tween rep e ti tions 
is close to lin ear (in clud ing be ing iden ti cal). In this test, we could use 
all data sets, as we cor re lated µ of a given sam ple un der the same
load

T a  b l e  2

Pearson’s cor re la tion co ef fi cient eval u a tion for all frac tures in 
dry and wet con di tions, mea sured be tween re peated mea -

sure ments un der the same load 

Frac ture type
Stan dard de vi a tion of µ in a load steps 

LS 1 LS 2 LS 3 LS 1
(wet)

LS 2
(wet)

LS 3
(wet)

BFr 2.4% 1.9% 2.8% 2.4% 1.9% 1.9%

TFr 2.8% 1.7% 1.2% 3.2% 2.1% 1.2%

T a  b l e  3

Rel a tive stan dard de vi a tion of µ in a load step be tween 
rep e ti tions



of the av er aged value (95% of all cases). There was also only a
min i mal dif fer ence be tween sam ple types, namely the mean
stan dard de vi a tion for BFrs is 2.2% and for TFrs is 2.0%.

To sum ma rize, this data in di cates that while a wide range of
µ val ues was mea sured, this is more likely at trib uted to in di vid -
ual prop er ties of the frac ture sam ples, rather than the in ac cu -
racy of the ex per i men tal setup or the wear of the sam ples. N.b.,
the anal y sis pre sented at tempts to deal with re peat abil ity/pre ci -
sion, which should not be un der stood as ab so lute ac cu racy.

FRICTION COEFFICIENT CHANGES WITH LOAD STEPS

While tak ing mea sure ments, we ob served (e.g., Figs. 4 and
6) that µ sys tem at i cally de creases with in creased load in each
fol low ing step, and be tween dry and wet ex per i ments. In our
anal y sis of µ changes for the shale for ma tions, we found a pre -
dom i nance of such trends in most of the cases ana lysed
(Fig. 7).

To ana lyse this trend, the dis tri bu tion of µ val ues for in di vid -
ual load steps was cal cu lated sep a rately for wet and dry sam -
ples. In the re main der of this pa per, we sys tem at i cally use the
av er age over the rep e ti tions as the µ value for a given load step. 
The dis tri bu tion of µ val ues in sub se quent load steps is pre -
sented for com plete sets of BFrs and TFrs (Fig. 8).

The µ dis tri bu tion for BFrs shown re sem bles a Gaussi an
dis tri bu tion, with the ex cep tion of the up per most µ val ues,
above ~0.8 for wet, and 0.9 for dry, sam ples, which show sig nif i -
cant dis crep ancy from the nor mal trend. This sug gests that the
asym met ri cal na ture of the plot might be at trib uted to the in ter -
lock ing of larger-scale fea tures on the frac ture sur faces. For dry 
sam ples, mod er ate ini tial µ val ues are be tween 0.633–0.670
(Ta ble 4). In sub se quent load steps (LS) µ val ues in di cate a
reg u lar de crease by 0.016 and 0.021 which gives 2.4% for
LS1–LS2 and 3.1% for LS2–LS3. Wet sam ples ap pear to have
both lower µ val ues and a smaller dis tri bu tion of them, which is
ex pressed by av er age µ val ues be tween 0.546–0.595. Also ev i -
dent is sys tem atic µ weak en ing in suc ces sive load steps by
0.031 and 0.018, which gives 5.2% for LS1–LS2 and 3.2% for
LS2–LS3. The µ value drop be tween dry and wet BFr sam ples
for the same load steps reaches 0.075–0.9, giv ing a range of µ
de creas ing by 11.2–13.8%.

Fewer tec tonic frac tures re veal a less reg u lar Gaussi an dis -
tri bu tion of µ val ues for dry sam ples, sug gest ing that there is
more than one mode of TFr sur face. How ever, the µ dis tri bu tion 
for wet sam ples is more reg u lar. The mean µ val ues for dry
sam ples (0.578–0.628) and for wet sam ples (0.557–0.596) are
sim i lar to val ues ob tained for BFrs, al though the spread of
mean val ues for load steps is smaller than that for TFrs. The
same de creas ing trend of µ val ues for sub se quent load steps is
vis i ble for dry (by 0.027–0.023) and wet sam ples (by
0.029–0.010) which gives 2.3–2.7% for dry and 1.0–2.9% for
wet sam ples. The µ value de crease from dry to wet con di tions
is more ev i dent, fall ing be tween 3.6–5.6%. Most of these val ues 
are above or com pa ra ble to the pre ci sion of the mea sure ments, 
with a mean value of 2.2%.

Such crude anal y sis does not in clude the fact that, due to
the weight vari a tion of the mo bile part of the sam ple and frac -
ture area, the ac tual load dif fers be tween sam ples, and this
might be part of the rea son for the shape of the dis tri bu tion. To
ac count for that, we eval u ated the rel a tive change of µ with re -
spect to the rel a tive change of load, both in terms of nor mal
stress and µ in the first step. This means that point (1, 1) on the
plot (Figs. 9 and 10) equals µ and the ap plied load at the first
load step, the same be ing true for all re main ing sam ples. A de -
crease on a plot also means a de crease in µ with in creas ing
load. This could be re stated as an an swer to the ques tion: how
many times does µ change (re duces) with an ap plied load
raised by a fac tor of X. A re gres sion plot for those data, along
with dis tri bu tion in di ca tors, is shown in Fig ure 9. Red dots are
used to in di cate the ag gre ga tion points and the stan dard de vi a -
tion of data points used to cre ate them. De spite the data be ing
highly scat tered, the lin ear fit re veals a de crease of µ value with
an in crease in load.
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Fig. 7. Lin ear com po nent of rel a tive fric tion vs. rel a tive load
ap prox i ma tion

It can be seen that al most 80% of the sam ples show a re duc tion
of fric tion with in creas ing load

Fig. 8. Dis tri bu tion of fric tion co ef fi cient µ sep a rated for three
load steps and for dry and wet con di tions for BFr (A) and TFr (B)

The plot is nor mal ized in such a way that the in te gral un der it is
al ways equal to 1. Leg end shows the av er age (over sam ples), the

num ber of sam ples in cluded, and dry/wet in di ca tion



10 Marek Jarosiñski et al. / Geo log i cal Quar terly, 68, 43

Load Step µ - 2s Mean µ µ  + 2s f - 2s Mean f f  + 2s SD

Bed ding Frac tures

Dry 1LS 0.384 0.670 0.956 21.0 33.8 43.7 0.143

Dry 2LS 0.374 0.654 0.934 20.5 33.2 43.0 0.140

Dry 3LS 0.381 0.633 0.885 20.9 32.3 41.5 0.126

Wet 1LS 0.343 0.595 0.847 18.9 30.8 40.3 0.126

Wet 2LS 0.330 0.564 0.798 18.3 29.4 38.6 0.117

Wet 3LS 0.330 0.546 0.762 18.3 28.6 37.3 0.108

Tec tonic Frac tures

Dry 1LS 0.45 0.628 0.806 23.1 32.2 41.3 0.089

Dry 2LS 0.409 0.601 0.793 21.1 31.0 40.9 0.096

Dry 3LS 0.388 0.578 0.768 20.0 29.8 39.6 0.095

Wet 1LS 0.414 0.596 0.778 21.4 30.8 40.2 0.091

Wet 2LS 0.389 0.567 0.745 20.2 29.4 38.6 0.089

Wet 3LS 0.379 0.557 0.735 19.8 29.1 38.4 0.089

T a  b l e  4

Range of the mean fric tion co ef fi cient µ and fric tion an gles f ob tained for BFrs and TFrs un der
dry and wet con di tions, ac cord ing to re sults shown in Fig ure 8

Fig. 9. How many times does the fric tion co ef fi cient change with an ap plied nor mal load change by a fac tor of Xµ Rel a tive
changes in fric tion as a func tion of the rel a tive changes of load for bed ding frac tures (left) and tec tonic frac tures (right)

The red line is a lin ear re gres sion, and red dots are ag gre gated data points with er ror bars in di cat ing the “den sity” and “dis tri bu tion” of
data points in a group ing. Data points are first grouped along X, then the stan dard de vi a tion in Y is cal cu lated (red er ror bars), along with 

the av er age value (red dot)



The sam ples are marked also by lithologically de fined for -
ma tions that al lowed us to group the sam ples into more ho mo -
ge neous sub sets of BFrs and TFrs. For such sub sets, we
checked µ de pend ence on load and wet ting (Fig. 10). Fol low ing
the pre vi ous ap proach, we ex am ined dif fer ences be tween av er -
aged rel a tive de creases of µ vs. rel a tive load in crease (with re -
spect to the first load step). Among the 20 plots, none break
away from the gen eral rule of µ de cline from LS1 to LS3 load
steps. Con sid er ing the trend cases be tween con sec u tive load
steps (LS1–LS2 and LS2–LS3), of which there are 40 cases,
there is only 1 case, wet BFr from the Sasino For ma tion, where
fric tion hard en ing is ev i dent, while in an other 4 cases there is no 
sig nif i cant change in µ. Con sid er ing the im pact of frac ture sur -
face wet ting on the µ value, 30 dry/wet pairs could be dis tin -
guished, out of which only 2 cases vi o late the rule of µ de crease 
with wet ting, both cases be ing TFrs from the Pelplin For ma tion.

Com par ing the av er age trends for all for ma tions (black lines 
in Fig. 10), weighted by the num ber of tests in each of them, we
can eval u ate the µ de crease in each sub se quent load step, as
well as be tween dry and wet tests. The over all (LS1–LS3) av er -
age µ de crease due to an ap prox i mate four fold in crease of sn is
5% for dry and 7.5% for wet BFrs, and 8% for dry and 6% for wet 
TFrs. These de creases are greater than the pre vi ously es ti -
mated pre ci sion of our mea sure ments, on av er age 2.2% for
BFrs and 2% for TFrs. When we look at the av er age µ de crease 
in sub se quent load steps, we see that in the case of dry frac -
tures the trend is al most lin ear, but in the case of wet frac tures,
BFrs and TFrs re veal a greater de crease be tween LS1–LS2

than be tween LS2–LS3. How ever, this sub tle pat tern is con sid -
ered to be at the limit of mea sure ment er ror. The dif fer ences in
the de crease of µ be tween for ma tions ex ceed 10% for wet BFrs 
and 20% for wet TFrs.

DISCUSSION: MEANING OF THE FRICTION
COEFFICIENTS DETERMINED IN MULTIPLE

TESTS UNDER VERY LOW LOADS

MEASURED  VARIATIONS OF FRICTION COEFFICIENT 
AND PREDICTIONS OF BARTON’S LAW OF FRICTION

Com par ing the re sults from re peated mea sure ments un der
the same con di tions, we showed that changes in shear strength 
be tween load steps are not caused by wear of the frac ture sur -
faces. The as per ity abra sion, ob served dur ing the tests, had a
neg li gi ble im pact on the µ value. Sim i larly to our ex per i ment, a
de crease in µ with an in crease in nor mal stress is pre dicted by
Barton’s em pir i cal equa tion (Barton, 1973), which was pro -
posed half a cen tury ago, and still seems to be rel e vant (Barton, 
2013). Its gen eral for mula for the shear stress (t) is:
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[4]

where: JRC – the joint rough ness co ef fi cient, JCS – the joint com -

pres sive strength, fb – the joint ba sic fric tion an gle.

Fol low ing the in ter pre ta tion by Bandis et al. (1981), these
pa ram e ters rep re sent 3 com po nents of fric tion at a frac ture sur -
face: the geo met ri cal com po nent is ex pressed by JRC, the fric -
tional com po nent is rep re sented by fb, and the com po nent for
strength (of as per ity) is given by JCS. Since the term “joint” re -
fers to our bed ding and tec tonic frac tures (BFrs and TFrs),
these co ef fi cients may also char ac ter ize the fac tors that con trol
µ in the ex per i ments de scribed. How ever, there are two ma jor
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Fig. 10. Cross-plots of the fric tion co ef fi cient and nor mal load changes in suc ces sive load steps, both cal i brated to the mean
val ues for the first load step

Separate di a grams are shown for BFr (“Bed ding frac tures”, two di a grams) and TFr (“Tec tonic frac tures”, two di a grams) for wet and dry
ex per i ments. In each di a gram, the curves rep re sent re sults for in di vid ual shale for ma tion. Black lines in di cate the av er age µ trend for all

for ma tions
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prob lems: that the above for mula was de vel oped us ing higher
loads than ap plied in our ex per i ment, and that the co ef fi cients
of Eq. 4 were not de ter mined by us. Nev er the less, we are able
to eval u ate the the o ret i cal µ de crease in the load range used in
our ex per i ment (1.5 to 20 kPa), pre dicted by Eq. 4 when the re -
al is tic val ues of these co ef fi cients are es ti mated and as sumed.

Con sid er ing the strength com po nent, JCS, it is some times
ac cepted that an un con fined rock com pres sive strength can be
as sumed (Barton, 1976). The uni ax ial com pres sive strength
mea sure ments for one of the bore holes ana lysed were gen er -
ally in the range from 20 to 50 MPa (Wojtowicz et al., 2021). We
at trib uted the lower value to BFrs in which the sur faces are
weak ened by en rich ment in clay min er als, and the higher value
to TFrs in which sur faces are, at least par tially, cov ered by cal -
cite. Re al is tic val ues for the geo met ri cal com po nents, JRC,
were es ti mated by vi sual com par i son to the ref er ence frac ture
pro files (Barton, 1976). It was con cluded that JRC val ues rang -
ing from 1 to 3 should cover most of the frac tures. The fric tional
com po nent, fb, is usu ally de ter mined at smooth sur faces (e.g.
saw-cut) un der loads of sev eral kPa (Cawsey and Farrar, 1976; 
Hu and Cruden, 1988), which is com pa ra ble to that ap plied in
our ex per i ment. Be cause most of the frac tures ana lysed have
smooth sur faces, we ex pect that fb is not sig nif i cantly smaller
than the fric tion an gle f cal cu lated from the µ value, given in Ta -
ble 4. There fore, we as sumed that the min i mum fb is slightly be -
low the value for mean f an gles ob tained in the 3rd load steps
de creased by –2s. With a cer tain ap prox i ma tion, the lower and
up per fb val ues for wet sam ples were set at 15 and 30°, re spec -
tively. Pub lished val ues for shale are also re ported in this range
(Barton and Choubey, 1977).

MECHANISM OF FRACTURE WEAKENING BY WETTING

In our mea sure ments, we ob served a sys tem atic weak en -
ing of frac ture sur faces caused by wet ting (Ta ble 4). This
well-known phe nom e non may re sult from the weak en ing of the
rock due to clay min eral-wa ter re ac tions (Jumikis, 1966;
Gutierrez et al., 2000), as well as from lu bri cat ing the frac ture
sur face with wa ter. Due to the good re peat abil ity of mea sure -
ment re sults af ter sam ple dry ing (shown in Fig. 6 and Ta ble 1),
we do not ex pect a weak en ing of as pe ri ties that would re sult in
de tect able changes to the frac ture sur face ge om e try. There -
fore, we can ex pect that the lu bri ca tion mech a nism works ef fec -
tively, caus ing, as per Barton’s law, a de crease in the fb value.
The data given in Ta ble 5 in di cate that the mean f de creases by 
3.5° for BFrs and 1.2° for TFrs re sult ing in the de crease in fb.

BARTON'S PREDICTION VS. DETERMINED FRICTION 
COEFFICIENT CHANGES 

Even un der very low loads we ob tained a sys tem atic de -
crease in µ, the trend pre dicted by Barton's func tion. How ever,
this func tion pre dicts a non-lin ear de crease in µ, which is not
pos si ble to show in our ex per i ment due to the de vi a tions from
the lin ear trend be ing at the limit of mea sure ment ac cu racy.
Hav ing not mea sured any pa ram e ters used by Barton's func -
tion, we sim ply com pared the mean de creases of µ val ues in
suc ces sive load steps (LS) with the val ues re turned by Barton's
func tion in the range of pre vi ously es ti mated re al is tic pa ram e ter 
val ues. To do so, we plot ted the graphs of µ val ues as a func tion 
of nor mal stress nor mal ized to the strength co ef fi cient (sn/JCS)
for BFrs and TFrs (Fig. 11):

m f
s

Barton b
nJRC

JCS
= -

æ

è
ç

ö

ø
÷

æ

è
ç

ö

ø
÷tan log10

[5]

These fig ures in clude only the wet test con di tion mea sure -
ments, which are closer to the nat u ral con di tions of a res er voir.
These graphs, with the 0X axis shown on a log a rith mic scale,
show that al most all BFr mea sure ments and all TFr mea sure -
ments fall within the range de fined by the Barton func tion for the
es ti mated range of pa ram e ter val ues. In such a pro jec tion,
there are only two pa ram e ters that de ter mine the course of this
func tion: fb causes a trans la tion of the graph in the 0Y di rec tion,
and JRC con trols the gra di ent of the µ de crease. The trend lines 
of the av er age mea sured µ val ues' de crease (thick black lines
in Fig. 11), de spite their large vari a tion, re veal a pat tern. For
large ini tial µ val ues, de fined by µ >0.7 for the first load steps, for 
both BFrs and TFrs, we ob tained the steep est gra di ents of µ de -
crease, which ex ceed the gra di ent pre dicted by Barton's equa -
tion for JRC = 3. It fol lows that among frac tures with high fric tion
there are prob a bly some, where dis place ment is blocked by
larger-scale el e ments giv ing a higher ef fec tive JRC. The same
con clu sion was made, based on de vi a tions from the Gaussi an
dis tri bu tion of µ val ues, for BFrs. For the group of frac tures with
mod er ate µ val ues in the first load step (0.5–0.7) the gra di ent of
µ is neg a tive and less steep. Its trend is within the range pre -
dicted by Barton's func tion for the mean pa ram e ter val ues, ap -
prox i mately JRC ~2 and fb ~22°. While for the weak est frac -
tures with µ val ues in the first load step <0.5, the de clin ing trend
lines for BFrs and TFrs are gently in clined, sim i lar (BFr) or even
lower (TFr) than the pre dic tion of Barton's func tion for the min i -
mum val ues of the JRC ~1. Such re sults con sis tently show that
an in crease in the ini tial µ value is ac com pa nied by an in crease
in JRC. From this plot, the mean ef fec tive JRC value can be es -
ti mated in the range from 0.5 to 4. From the graph ana lysed
(Fig. 11A) it is also clear that the lower µ val ues are at trib uted to
BFrs infilled with tuffite/ben ton ite (red dots). For some of these
frac tures fb <15° or/and JRC <1 can be at trib uted. 

EXTRAPOLATION OF FRICTION COEFFICIENT TO STIMULATED
RESERVOIR CONDITIONS

The ques tion still re mains: whether we can use mea sured µ
val ues in res er voir anal y sis? Con sid er ing that the shale suc ces -
sions stud ied are at a depth of 3 km or more, the min i mum nat u -
ral lithostatic pres sure ex erted on them is ~75 MPa. How ever,
dur ing hy drau lic frac tur ing, high fracking fluid pres sure is used
that lo cally, in the near-bore hole zone, is able to over come the
lithostatic pres sure. There fore, shear ac ti va tion of nat u ral frac -
tures in the stim u lated part of the res er voir can be trig gered
even un der very low ef fec tive nor mal stress. Then, the ef fec tive
nor mal stress dur ing shear of a pre-ex ist ing frac ture is de pend -
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Frac tures Mean f
de crease %

Load step dry wet dry-wet

BFr 1LS 33.8 30.8 3.0 8,9

BFr 2LS 33.2 29.4 3.8 11,4

BFr 3LS 32.3 28.6 3.7 11,5

Mean f drop 3.5 10.6

TFr 1LS 32.2 30.8 1.4 4,3

TFr 2LS 31.0 29.4 1.6 5,2

TFr 3LS 29.8 29.1 0.7 2,3

Mean f drop 1.2 4.0

T a  b l e  5

The dif fer ence be tween f val ues in dry and wet con di tions for 
the same loads based on data from Ta ble 4
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ent on the ini tial shear stress at the frac ture sur face. The
smaller the nat u ral shear stress, the higher the hy drau lic pres -
sure that is needed for trig ger ing the slip. E.g. the shear stress
at flat-ly ing bed ding frac tures is usu ally close to zero due to its
or thogo nal po si tion with re spect to the prin ci pal stress axis. In
this case, the ef fec tive nor mal stress dur ing ar rest ing of the ver -
ti cal hy drau lic frac ture at the bed ding plane can also be very
low. Shear stress ex erted on sub-ver ti cal joints, com mon in the
bore holes stud ied, de pends on the stress re gime, be ing the dif -
fer ence be tween prin ci pal hor i zon tal stresses and their ori en ta -
tion rel a tive to the frac ture sur face. The dif fer en tial stress act ing 
on the shale in ter val stud ied ranges be tween 10–30 MPa in a
nor mal fault ing stress re gime (Pi³acik and Jarosiñski, 2021), in
which shear stress act ing on ver ti cal frac tures is close to zero.
Con sid er ing the above, it is clear that the ef fec tive loads act ing
on the frac tures ana lysed dur ing frac tur ing would be rel a tively
small, around 1 MPa, which we can use as a ref er ence value for 
nat u ral res er voir con di tions.

If we take into ac count the de creas ing µ trend lines de ter -
mined and ex trap o late them us ing Barton’s func tion (Fig. 11),
we can es ti mate the µ value de crease for a tran si tion from ex -
per i ment to res er voir con di tions. The Barton di a grams shown

(Fig. 11) con verge at the point where sn = JCS = 20 MPa (for
BFrs) or sn = JCS = 50 MPa (for TFrs). Thus, the ref er ence res -
er voir load, sn = 1 MPa, is be tween 10–2 < sn/JCS <10–1. For
most rough frac tures a steep de creas ing trend line close to that
rep re sen ta tive for JRC >3 in di cates that the µ val ues de ter -
mined dur ing the tests should be low ered by >0.2 to meet the
res er voir con di tions. For frac tures with mod er ate ini tial fric tion,
the de creas ing gra di ent µ would fol low this char ac ter is tic for
JRC ~ 2, that point to µ val ues for the res er voir ~0.1 lower than
in the ex per i ments. For the smooth est frac tures with JRC <1
the µ re duc tion would be <0.05. Be cause these are very rough
es ti mates, the cor rec tion val ues do not re fer to par tic u lar load
steps.

CONCLUSIONS

Mul ti ple shear ex per i ments were per formed to de ter mine
the static fric tion co ef fi cients (µ) for 118 bed ding frac tures
(BFrs) and 52 tec tonic frac tures (TFrs) taken from bore hole
core from lower Pa leo zoic shales of the Bal tic Ba sin. For each
frac ture, 18 mea sure ments were made in three load steps and
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Fig. 11. Re sults of µ mea sure ments with Barton's func tion val ues (ac cord ing to Eq. 5) for min i mum and max i mum val ues of
co ef fi cients for the cases of wet BFr (A), and wet TFr (B)

The nor mal stress val ues (sn) are cal i brated by strength (JCS). Black lines link mean mea sured val ues for load steps for three groups of mea -
sure ments in which µ in the first load step falls in the ranges <0.5, 0.5–0.7 and >0,7. Col oured lines shows three op tions of Barton's func tion

changes for the max i mum value of fb = 30° (black),the mean value of fb = 22.5° (blue) and min i mum fb = 15° (red) and op tions of max i mum
rough ness JRC = 3 (dashed lines) and min i mum JRC = 1 (solid lines). Mea sure ments for load steps are dis tin guished by col our points. The
red dots stand for tuffite/ben ton ite
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in dry and wet con di tions, or ex cep tion ally more. Ex per i ments
were car ried out in a self-made shear de vice un der very low
frac ture-nor mal load (sn) con di tions in the range of 1.5–20 kPa.

We have en sured that, un der such low loads, even 18 mea -
sure ment rep e ti tions done on the same frac ture do not re sult in
frac ture sur face wear that would re sult in sys tem atic de vi a tion
of the µ value. The pre ci sion of mea sure ments on the same
frac ture and con di tions is de ter mined at ±2.2% on av er age.

For the vast ma jor ity of frac tures, it was found that as the
nor mal load in creases, the mea sured µ value de creases, which 
for the dif fer ence be tween the first and third load steps ex ceeds
the pre ci sion of the mea sure ments.

A sig nif i cant de crease in µ value also oc curred due to wet -
ting of the frac ture sur face, which re sulted in a de crease of the
fric tion an gle (or ba sic fric tion an gle fb) by an av er age of 10%
for BFrs and 4% for TFrs, ex ceed ing sig nif i cantly the pre ci sion
of our mea sure ments.

The de creas ing µ value trends mea sured are com pa ra ble
to those pre dicted by Barton’s func tion in a re al is tic range of pa -
ram e ters: joint rough ness co ef fi cient JRC (1–3), joint strength
co ef fi cient JCS (20–50 MPa) and fb (15–30°). Some ex cep -
tions are rep re sented by the frac tures with the high est µ, for
which we sus pect slip block ing by ma jor ir reg u lar i ties, and the
frac tures with the low est µ val ues, rep re sented by BFrs cov ered 
by ben ton ite/tuffite, for which lower JRC and fb are needed.

Fol low ing the µ de crease pre dicted by Barton’s for mula it
was es ti mated that, in the use of the test re sults ob tained un der
low loads for res er voir ap pli ca tions, the mea sured µ val ues re -
quire a re duc tion by ~0.05 to 0.2. A larger cor rec tion is needed
for a higher ini tial µ value.

The method we pres ent is char ac ter ized by its sim plic ity and 
the pos si bil ity of car ry ing out anal y ses un der core stor age con -
di tions, e.g. ac com pa nied by any core pro fil ing. Its sta tis ti cal re -
sults, which show a sig nif i cant vari a tion of fric tion co ef fi cient
val ues in shales, can be ap plied to geomechanical mod els of
frac tured res er voirs. How ever, the con ver sion of the co ef fi cient
of fric tion to res er voir con di tions is tem po rarily hy po thet i cal, and 
seems worth re fin ing when the ob ser va tions are sup ple mented
with at least one of the ad di tional pa ram e ters of the em pir i cal
Barton func tion.
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their bore hole core and to Kinga Bobek from the Pol ish Geo log i -
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vel op ment (grant BG2/SHALEMECH/14), Na tional Sci ence
Cen tre (pro ject 2019/33/N/ST10/00473) and the Pol ish Geo log -
i cal In sti tute-NRI (pro ject 61.8609.1702.00.0).
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No Depth [m] Formation Type σ1 [kPa] μ11 μ12 μ13 σ2 [kPa] μ21 μ22 μ23 σ3 [kPa] μ31 μ32 μ33 σ4 [kPa] μ41 μ42 μ43 σ5 [kPa] μ51 μ52 μ53 σ6 [kPa] μ61 μ62 μ63

1 3709,44 Sasino Tf 4,428 0,473 0,460 0,484 12,245 0,401 0,407 0,398 N/A N/A N/A N/A 4,428 0,399 0,412 0,417 12,245 0,385 0,410 0,384 N/A N/A N/A N/A

2 3706,24 Sasino Tf 3,502 0,478 0,494 0,493 9,998 0,384 0,381 0,379 N/A N/A N/A N/A 3,502 0,405 0,391 0,398 9,998 0,417 0,423 0,421 N/A N/A N/A N/A

3 3704,03 Sasino BFr 2,256 1,013 0,969 0,999 5,406 1,054 1,032 1,066 8,555 0,959 0,976 0,981 2,256 1,000 1,013 0,997 5,406 0,933 0,895 0,875 8,555 0,880 0,890 0,867292472

4 3711,73 Sasino TFr 2,146 0,703 0,666 0,648 5,018 0,611 0,591 0,584 7,891 0,555 0,541 0,529 2,146 0,420 0,442 0,444 5,018 0,449 0,450 0,454 7,891 0,475 0,484 0,487986895

5 3700,56 Sasino BFr 2,984 0,947 0,945 0,907 6,287 0,947 0,955 0,938 9,590 0,879 0,880 0,879 2,984 0,497 0,525 0,497 6,287 0,541 0,546 0,525 9,590 0,562 0,549 0,55433098

6 3712,34 Sasino BFr 2,512 0,526 0,531 0,533 5,815 0,514 0,523 0,522 9,118 0,513 0,499 0,513 2,512 0,463 0,464 0,472 5,815 0,412 0,432 0,415 9,118 0,429 0,433 0,437058504

7 3223,25 Sasino BFr 2,467 0,594 0,611 0,598 5,770 0,616 0,626 0,614 10,725 0,581 0,599 0,601 2,467 0,488 0,513 0,516 5,770 0,489 0,487 0,487 10,725 0,448 0,457 0,456267324

8 3224,93 Sasino BFr 2,413 0,919 0,860 0,867 5,716 0,859 0,873 0,869 9,019 0,869 0,876 0,870 2,413 0,817 0,761 0,797 5,716 0,788 0,788 0,782 9,019 0,780 0,774 0,772019777

9 3230,36 Sasino Tf 1,977 0,464 0,449 0,442 5,280 0,458 0,450 0,443 8,583 0,427 0,436 0,433 1,977 0,423 0,431 0,435 5,280 0,390 0,405 0,398 8,583 0,393 0,381 0,38426015

10 3234,93 Sasino TFr 2,009 0,703 0,699 0,694 5,345 0,689 0,667 0,668 8,682 0,634 0,646 0,644 2,009 0,616 0,628 0,634 5,345 0,592 0,578 0,604 8,682 0,575 0,570 0,564373559

11 3234,93 Sasino TFr 2,009 0,744 0,752 0,757 5,345 0,723 0,734 0,735 8,682 0,691 0,685 0,678 2,009 0,724 0,682 0,703 5,345 0,657 0,667 0,668 8,682 0,597 0,614 0,607993851

12 2935,58 Sasino Tf 2,730 0,500 0,486 0,492 5,152 0,493 0,485 0,484 7,574 0,500 0,491 0,485 2,730 0,409 0,410 0,422 5,152 0,424 0,427 0,415 7,574 0,425 0,414 0,415414135

13 2933,68 Sasino Tf 5,632 0,474 0,467 0,469 10,630 0,481 0,478 0,480 15,627 0,469 0,475 0,470 5,632 0,413 0,445 0,441 10,630 0,421 0,421 0,411 15,627 0,408 0,402 0,399424368

14 2928,87 Sasino BFr 2,943 0,692 0,697 0,676 7,632 0,650 0,633 0,641 12,321 0,614 0,621 0,624 2,943 0,571 0,589 0,578 7,632 0,551 0,544 0,554 12,321 0,550 0,532 0,548430067

15 2917,20 Sasino BFr 4,899 0,592 0,613 0,619 13,553 0,602 0,580 0,577 22,208 0,548 0,557 0,560 4,899 0,644 0,628 0,613 13,553 0,563 0,549 0,558 22,208 0,521 0,527 0,530007794

16 2930,74 Sasino TFr 3,345 0,551 0,552 0,544 8,684 0,527 0,569 0,562 14,022 0,491 0,478 0,475 3,345 0,621 0,598 0,584 8,684 0,541 0,539 0,529 14,022 0,550 0,560 0,556063202

17 2930,74 Sasino TFr 3,345 0,605 0,619 0,630 8,684 0,552 0,551 0,542 14,022 0,492 0,501 0,485 3,345 0,729 0,735 0,728 8,684 0,635 0,652 0,634 14,022 0,534 0,543 0,551684752

18 2915,52 Sasino TFr 2,688 0,582 0,613 0,591 7,274 0,531 0,544 0,526 11,860 0,463 0,466 0,458 2,688 0,615 0,579 0,561 7,274 0,552 0,562 0,565 11,860 0,512 0,510 0,511407579

19 2915,52 Sasino TFr 2,688 0,575 0,568 0,563 7,274 0,508 0,507 0,509 11,860 0,464 0,449 0,457 2,688 0,602 0,652 0,639 7,274 0,515 0,514 0,541 11,860 0,510 0,503 0,500966744

20 2898,74 Sasino Tf 3,480 0,612 0,564 0,582 7,792 0,449 0,451 0,442 N/A N/A N/A N/A 3,480 0,327 0,305 0,325 7,792 0,353 0,333 0,336 N/A N/A N/A N/A

21 2912,35 Sasino BFr 2,276 0,788 0,800 0,830 5,162 0,791 0,775 0,788 8,047 0,788 0,798 0,783 2,276 0,692 0,701 0,723 5,162 0,683 0,676 0,660 8,047 0,636 0,644 0,645930441

22 2920,50 Sasino Tf 2,144 0,538 0,541 0,557 4,856 0,533 0,537 0,528 7,567 0,480 0,472 0,481 2,144 0,371 0,376 0,385 4,856 0,392 0,412 0,391 7,567 0,373 0,365 0,358179538

23 2920,20 Sasino BFr 1,912 0,825 0,851 0,792 4,411 0,846 0,803 0,835 6,911 0,768 0,820 0,828 1,912 0,602 0,590 0,630 4,411 0,872 0,904 0,889 6,911 0,838 0,807 0,837432188

24 2905,80 Sasino TFr 2,116 0,789 0,745 0,787 4,849 0,760 0,744 0,742 7,582 0,759 0,761 0,746 2,116 0,585 0,594 0,602 4,849 0,597 0,623 0,624 7,582 0,616 0,612 0,618781543

25 2906,90 Sasino TFr 2,663 0,737 0,693 0,729 7,000 0,650 0,681 0,702 13,505 0,699 0,705 0,687 2,663 0,658 0,688 0,702 7,000 0,636 0,652 0,650 13,505 0,657 0,669 0,655587669

26 2906,90 Sasino TFr 2,663 0,722 0,693 0,700 7,000 0,727 0,759 0,746 13,505 0,689 0,678 0,685 2,663 0,609 0,590 0,617 7,000 0,616 0,619 0,636 13,505 0,657 0,637 0,634952978

27 2908,78 Sasino TFr 2,201 0,685 0,715 0,724 5,259 0,667 0,691 0,663 8,316 0,612 0,620 0,616 2,201 0,767 0,748 0,726 5,259 0,719 0,735 0,745 8,316 0,699 0,717 0,723345588

28 2908,78 Sasino TFr 2,201 0,606 0,624 0,626 5,259 0,593 0,583 0,565 8,316 0,569 0,567 0,599 2,201 0,640 0,623 0,653 5,259 0,672 0,679 0,681 8,316 0,699 0,675 0,694117647

29 2909,45 Sasino TFr 2,830 0,763 0,703 0,730 7,279 0,685 0,715 0,684 11,728 0,698 0,682 0,692 2,830 0,550 0,578 0,594 7,279 0,611 0,619 0,635 11,728 0,666 0,677 0,662556904

30 2915,79 Sasino TFr 1,962 0,653 0,701 0,718 4,869 0,733 0,693 0,727 7,775 0,684 0,678 0,675 1,962 0,684 0,641 0,715 4,869 0,606 0,608 0,612 7,775 0,537 0,537 0,54635514

31 2915,79 Sasino TFr 2,938 0,697 0,705 0,675 8,328 0,669 0,677 0,672 N/A N/A N/A N/A 2,938 0,671 0,707 0,681 8,328 0,605 0,620 0,637 N/A N/A N/A N/A

32 2902,00 Sasino BFr 2,177 0,449 0,414 0,414 4,676 0,465 0,457 0,463 8,425 0,500 0,490 0,496 2,177 0,451 0,449 0,417 4,676 0,492 0,498 0,487 8,425 0,544 0,543 0,524770098

33 2859,28 Sasino TFr 5,268 0,672 0,650 0,666 14,062 0,591 0,588 0,575 N/A N/A N/A N/A 5,268 0,487 0,503 0,492 14,062 0,482 0,474 0,510 N/A N/A N/A N/A

34 2861,10 Sasino TFr 3,125 0,754 0,793 0,795 6,700 0,802 0,806 0,811 10,275 0,781 0,787 0,793 3,125 0,828 0,808 0,816 6,700 0,796 0,815 0,786 10,275 0,655 0,673 0,655532359

35 2849,57 Sasino BFr 3,349 0,606 0,609 0,632 5,849 0,551 0,559 0,542 8,348 0,517 0,528 0,541 3,349 0,408 0,426 0,416 5,849 0,455 0,477 0,454 8,348 0,449 0,437 0,449700599

36 2853,93 Sasino BFr 3,135 0,982 0,962 0,995 5,635 1,001 1,038 1,051 6,884 0,990 0,985 0,976 3,135 0,765 0,789 0,782 5,635 0,863 0,870 0,820 6,884 0,829 0,834 0,841168996

37 2865,80 Sasino Tf 2,152 0,453 0,438 0,433 3,958 0,447 0,464 0,450 5,765 0,436 0,435 0,427 2,152 0,416 0,407 0,406 3,958 0,360 0,371 0,368 5,765 0,352 0,353 0,349106863

38 2866,75 Sasino BFr 2,038 0,646 0,660 0,653 3,615 0,587 0,597 0,592 5,192 0,576 0,565 0,568 2,038 0,590 0,564 0,602 3,615 0,548 0,561 0,555 5,192 0,527 0,518 0,519744836

39 2866,70 Sasino BFr 3,363 0,619 0,608 0,613 8,035 0,590 0,593 0,581 15,042 0,592 0,600 0,603 3,363 0,583 0,581 0,568 8,035 0,556 0,537 0,562 15,042 0,509 0,523 0,504347826

40 3959,50 Sasino BFr 2,099 0,821 0,815 0,795 5,248 0,879 0,853 0,860 9,972 0,847 0,859 0,822 2,099 0,688 0,684 0,701 5,248 0,720 0,748 0,746 9,972 0,749 0,744 0,757776725

41 3961,97 Sasino BFr 1,932 0,425 0,441 0,434 5,081 0,449 0,423 0,437 9,805 0,434 0,440 0,433 1,932 0,457 0,447 0,477 5,081 0,438 0,457 0,444 9,805 0,422 0,447 0,410791714

42 3965,16 Sasino TFr 3,130 0,492 0,461 0,468 7,539 0,524 0,523 0,533 14,153 0,488 0,502 0,513 3,130 0,551 0,553 0,558 7,539 0,534 0,566 0,561 14,153 0,605 0,589 0,603271028

43 3972,18 Sasino TFr 1,809 0,609 0,653 0,616 3,865 0,623 0,644 0,628 6,950 0,568 0,565 0,586 1,809 0,545 0,489 0,537 3,865 0,520 0,508 0,523 6,950 0,522 0,507 0,508803077

44 3967,25 Sasino Tf 6,389 0,413 0,419 0,415 12,520 0,395 0,400 0,431 N/A N/A N/A N/A 6,389 0,315 0,343 0,374 12,520 0,361 0,353 0,352 N/A N/A N/A N/A

45 3552,88 Pelplin BFr 3,099 0,541 0,563 0,564 6,248 0,544 0,564 0,545 10,972 0,513 0,530 0,529 3,099 0,515 0,543 0,563 6,248 0,532 0,524 0,510 10,972 0,492 0,481 0,469001148

46 3552,81 Pelplin BFr 3,346 0,640 0,661 0,666 6,495 0,727 0,749 0,552 11,219 0,742 0,748 0,771 3,346 0,631 0,576 0,601 6,495 0,544 0,595 0,646 11,219 0,586 0,562 0,591157895

47 3553,18 Pelplin BFr 2,680 0,476 0,503 0,505 7,060 0,493 0,470 0,489 N/A N/A N/A N/A 2,680 0,405 0,359 0,395 7,060 0,377 0,350 0,380 N/A N/A N/A N/A
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48 3556,73 Pelplin BFr 2,543 0,597 0,626 0,663 5,692 0,667 0,672 0,676 10,416 0,655 0,669 0,676 2,543 0,623 0,643 0,614 5,692 0,576 0,601 0,594 10,416 0,601 0,607 0,590929705

49 3565,38 Pelplin TFr 1,895 0,625 0,706 0,654 4,430 0,663 0,635 0,612 8,232 0,656 0,671 0,656 1,895 0,632 0,724 0,660 4,430 0,647 0,710 0,605 8,232 0,592 0,584 0,593379523

50 3565,38 Pelplin TFr 1,895 0,674 0,584 0,615 4,430 0,642 0,639 0,638 8,232 0,667 0,676 0,646 1,895 0,960 0,744 0,845 4,430 0,812 0,755 0,829 8,232 0,716 0,739 0,712702079

51 3574,25 Pelplin BFr 2,288 0,961 1,015 1,002 5,437 0,926 0,961 0,933 8,587 0,931 0,943 0,971 2,288 0,937 0,942 0,970 5,437 0,870 0,828 0,820 10,161 0,744 0,713 0,748953975

52 3577,33 Pelplin TFr 2,426 0,635 0,576 0,646 5,320 0,577 0,628 0,602 9,661 0,614 0,625 0,616 2,426 0,627 0,584 0,593 5,320 0,614 0,605 0,594 9,661 0,607 0,601 0,607757975

53 3599,57 Pelplin TFr 2,180 0,737 0,796 0,704 5,345 0,746 0,720 0,766 10,092 0,706 0,694 0,700 2,180 0,671 0,747 0,798 5,345 0,696 0,711 0,725 10,092 0,815 0,798 0,857322045

54 3624,21 Pelplin Tf 1,802 0,459 0,475 0,463 5,110 0,453 0,461 0,457 N/A N/A N/A N/A 1,802 0,447 0,444 0,451 5,110 0,444 0,435 0,437 N/A N/A N/A N/A

55 3617,94 Pelplin BFr 2,759 0,753 0,787 0,772 5,908 0,934 0,943 0,960 9,057 0,812 0,803 0,812 2,759 0,843 0,740 0,793 5,908 0,554 0,564 0,570 9,057 0,640 0,658 0,640646732

56 3610,55 Pelplin BFr 2,601 0,789 0,788 0,803 5,751 0,825 0,837 0,842 8,900 0,810 0,793 0,782 2,601 0,686 0,722 0,665 5,751 0,626 0,634 0,629 8,900 0,559 0,559 0,546001415

57 3614,62 Pelplin TFr 2,545 0,684 0,675 0,707 5,988 0,705 0,702 0,677 9,430 0,731 0,724 0,693 2,545 0,659 0,630 0,674 5,988 0,645 0,673 0,643 9,430 0,637 0,681 0,659791933

58 3615,05 Pelplin TFr 1,561 0,637 0,630 0,639 3,513 0,614 0,627 0,644 5,465 0,618 0,609 0,599 1,561 0,590 0,605 0,622 3,513 0,556 0,531 0,581 5,465 0,574 0,577 0,562243258

59 3608,00 Pelplin TFr 2,062 0,619 0,634 0,659 5,127 0,597 0,567 0,581 8,193 0,644 0,639 0,625 2,062 0,640 0,629 0,647 5,127 0,565 0,550 0,566 8,193 0,666 0,644 0,641347053

60 3601,65 Pelplin TFr 1,917 0,574 0,607 0,620 4,635 0,588 0,622 0,621 7,352 0,571 0,590 0,581 1,917 0,534 0,531 0,519 4,635 0,527 0,495 0,509 7,352 0,522 0,545 0,553132508

61 3600,05 Pelplin TFr 2,285 0,470 0,458 0,479 5,449 0,492 0,459 0,477 8,614 0,518 0,534 0,492 2,285 0,478 0,479 0,507 5,449 0,553 0,558 0,582 8,614 0,560 0,549 0,556943424

62 3133,57 Pelplin Tf 3,136 0,343 0,351 0,345 5,931 0,320 0,331 0,330 8,726 0,321 0,307 0,313 3,136 0,358 0,354 0,334 5,931 0,331 0,332 0,327 8,726 0,320 0,318 0,321588725

63 3135,64 Pelplin BFr 2,343 0,572 0,566 0,559 4,248 0,528 0,521 0,519 6,153 0,525 0,544 0,537 2,343 0,463 0,467 0,464 4,248 0,455 0,458 0,467 6,153 0,455 0,441 0,43498452

64 3126,85 Pelplin Tf 2,279 0,377 0,389 0,400 4,310 0,392 0,388 0,380 6,341 0,353 0,355 0,357 2,279 0,343 0,349 0,359 4,310 0,355 0,345 0,350 6,341 0,332 0,338 0,342408712

65 3094,96 Pelplin BFr 2,400 0,539 0,536 0,534 5,703 0,535 0,538 0,539 9,006 0,514 0,508 0,516 2,400 0,580 0,600 0,588 5,703 0,522 0,520 0,525 9,006 0,494 0,493 0,486704566

66 3095,84 Pelplin BFr 2,495 0,487 0,490 0,491 5,798 0,479 0,466 0,465 9,102 0,463 0,471 0,468 2,495 0,478 0,529 0,529 5,798 0,488 0,510 0,508 9,102 0,471 0,474 0,47849755

67 3110,49 Pelplin BFr 3,823 0,623 0,645 0,642 7,126 0,608 0,624 0,631 10,429 0,629 0,628 0,616 3,823 0,614 0,603 0,616 7,126 0,571 0,582 0,585 10,429 0,563 0,571 0,558036421

68 2847,50 Pelplin TFr 4,083 0,537 0,571 0,535 11,560 0,475 0,476 0,476 19,037 0,441 0,433 0,434 4,083 0,560 0,629 0,594 11,560 0,463 0,459 0,475 19,037 0,466 0,464 0,461508248

69 2847,50 Pelplin TFr 4,083 0,525 0,497 0,504 11,560 0,402 0,388 0,391 19,037 0,395 0,393 0,392 4,083 0,601 0,581 0,586 11,560 0,430 0,439 0,456 19,037 0,458 0,464 0,453652789

70 2845,20 Pelplin TFr 6,140 0,709 0,686 0,657 17,416 0,659 0,660 0,671 28,691 0,637 0,628 0,625 6,140 0,637 0,624 0,635 17,416 0,612 0,626 0,624 28,691 0,593 0,609 0,609746512

71 2845,20 Pelplin TFr 6,140 0,629 0,637 0,643 17,416 0,617 0,626 0,624 28,691 0,600 0,589 0,597 6,140 0,583 0,595 0,624 17,416 0,579 0,583 0,594 28,691 0,582 0,576 0,577716644

72 2847,90 Pelplin BFr 3,020 0,590 0,620 0,608 7,585 0,610 0,605 0,601 12,150 0,573 0,570 0,577 3,020 0,491 0,502 0,489 7,585 0,489 0,509 0,494 12,150 0,486 0,483 0,480931805

73 2842,32 Pelplin BFr 3,095 0,819 0,769 0,777 7,660 0,727 0,749 0,741 12,225 0,727 0,715 0,712 3,095 0,673 0,712 0,718 7,660 0,679 0,692 0,694 12,225 0,648 0,652 0,647684839

74 2840,80 Pelplin BFr 3,835 0,576 0,577 0,563 8,399 0,579 0,583 0,587 15,247 0,580 0,581 0,582 3,835 0,500 0,513 0,510 8,399 0,497 0,501 0,497 15,247 0,457 0,457 0,461676647

75 2837,80 Pelplin BFr 3,417 0,625 0,597 0,603 7,982 0,632 0,625 0,621 12,547 0,605 0,594 0,586 3,417 0,533 0,573 0,547 7,982 0,538 0,553 0,544 12,547 0,529 0,523 0,527560488

76 2832,23 Pelplin BFr 3,184 0,573 0,599 0,582 7,749 0,583 0,575 0,568 12,314 0,585 0,574 0,573 3,184 0,505 0,500 0,495 7,749 0,481 0,487 0,486 12,314 0,458 0,460 0,461909175

77 2831,70 Pelplin BFr 3,232 0,682 0,648 0,652 7,797 0,621 0,642 0,626 12,362 0,599 0,593 0,600 3,232 0,534 0,556 0,544 7,797 0,538 0,541 0,544 12,362 0,547 0,546 0,537296898

78 2824,23 Pelplin BFr 2,938 0,676 0,696 0,684 7,502 0,638 0,632 0,633 12,067 0,645 0,642 0,637 2,938 0,544 0,606 0,584 7,502 0,524 0,551 0,543 12,067 0,518 0,506 0,508795158

79 2820,31 Pelplin BFr 2,714 0,615 0,644 0,583 7,535 0,559 0,583 0,579 12,355 0,564 0,553 0,550 2,714 0,520 0,567 0,571 7,535 0,482 0,499 0,506 12,355 0,484 0,489 0,493367148

80 2819,34 Pelplin BFr 3,237 0,540 0,537 0,533 8,058 0,495 0,502 0,503 12,878 0,506 0,500 0,513 3,237 0,493 0,496 0,499 8,058 0,484 0,485 0,493 12,878 0,444 0,455 0,454800674

81 2818,54 Pelplin BFr 4,208 0,487 0,483 0,476 9,029 0,438 0,443 0,444 16,260 0,384 0,387 0,389 4,208 0,499 0,510 0,510 9,029 0,478 0,489 0,474 16,260 0,456 0,451 0,459086866

82 2816,38 Pelplin BFr 3,717 0,530 0,524 0,527 8,537 0,529 0,542 0,543 13,358 0,518 0,510 0,503 3,717 0,534 0,523 0,547 8,537 0,488 0,476 0,477 13,358 0,451 0,461 0,462648863

83 2803,39 Pelplin BFr 3,659 0,722 0,767 0,738 8,480 0,777 0,759 0,756 15,710 0,735 0,731 0,725 3,659 0,728 0,750 0,711 8,480 0,712 0,727 0,713 15,710 0,663 0,660 0,664314207

84 2802,44 Pelplin BFr 4,218 0,573 0,570 0,568 8,783 0,554 0,545 0,534 13,348 0,525 0,535 0,532 4,218 0,497 0,509 0,515 8,783 0,496 0,494 0,491 13,348 0,460 0,469 0,464603283

85 2763,78 Pelplin BFr 1,687 0,932 0,907 0,911 4,186 0,836 0,839 0,773 6,686 0,812 0,789 0,792 1,687 0,896 0,853 0,848 4,186 0,733 0,689 0,715 6,686 0,627 0,636 0,631588785

86 2770,47 Pelplin BFr 3,260 0,669 0,678 0,691 5,760 0,685 0,691 0,678 8,259 0,674 0,692 0,681 3,260 0,664 0,657 0,642 5,760 0,613 0,618 0,626 8,259 0,564 0,592 0,600847329

87 2774,20 Pelplin BFr 1,951 0,629 0,618 0,635 4,450 0,604 0,600 0,616 8,199 0,682 0,676 0,680 1,951 0,625 0,630 0,625 4,450 0,555 0,549 0,540 8,199 0,518 0,531 0,528120713

88 3817,05 Pelplin TFr 2,427 0,639 0,657 0,649 5,576 0,565 0,559 0,595 10,300 0,577 0,577 0,567 2,427 0,760 0,762 0,694 5,576 0,515 0,563 0,561 10,300 0,526 0,524 0,526983642

89 3843,52 Pelplin BFr 3,716 0,718 0,695 0,714 6,865 0,675 0,702 0,653 11,589 0,618 0,639 0,635 3,716 0,698 0,692 0,721 6,865 0,657 0,631 0,605 11,589 0,585 0,563 0,558152174

90 3850,29 Pelplin BFr 2,952 0,557 0,514 0,531 6,102 0,523 0,512 0,518 10,826 0,554 0,542 0,521 2,952 0,612 0,594 0,591 6,102 0,577 0,556 0,572 10,826 0,521 0,514 0,5056

91 3852,85 Pelplin BFr 2,105 0,807 0,726 0,812 5,255 0,791 0,749 0,763 9,978 0,686 0,734 0,719 2,105 1,016 0,892 0,946 5,255 0,653 0,651 0,647 9,978 0,670 0,672 0,640839514

92 3868,66 Pelplin BFr 3,754 0,700 0,719 0,721 6,903 0,734 0,706 0,723 10,052 0,714 0,721 0,728 3,754 0,757 0,682 0,722 6,903 0,661 0,666 0,649 10,052 0,596 0,582 0,586622807

93 3880,93 Pelplin BFr 3,529 0,689 0,708 0,693 6,678 0,736 0,723 0,736 9,827 0,642 0,629 0,641 3,529 0,632 0,637 0,662 6,678 0,618 0,625 0,623 9,827 0,609 0,620 0,555039257

94 3914,28 Pelplin BFr 3,601 0,946 0,931 1,009 6,750 0,781 0,800 0,933 N/A N/A N/A N/A 3,601 0,850 0,763 0,841 6,750 0,857 0,884 0,886 N/A N/A N/A N/A

95 3688,23 Jantar BFr 3,027 0,596 0,597 0,601 6,078 0,559 0,580 0,583 10,655 0,575 0,592 0,559 3,027 0,511 0,516 0,520 6,078 0,484 0,505 0,500 10,655 0,496 0,492 0,503865979

96 3684,82 Jantar TFr 1,927 0,550 0,520 0,529 4,334 0,539 0,552 0,556 6,742 0,542 0,530 0,546 1,927 0,493 0,462 0,480 4,334 0,474 0,465 0,455 6,742 0,463 0,453 0,461881807

97 3686,62 Jantar TFr 2,934 0,491 0,502 0,483 6,692 0,455 0,444 0,432 10,451 0,418 0,400 0,408 2,934 0,410 0,435 0,420 6,692 0,437 0,458 0,445 10,451 0,487 0,483 0,468980399



98 3685,00 Jantar TFr 2,912 0,560 0,600 0,612 8,009 0,604 0,560 0,588 N/A N/A N/A N/A 2,912 0,448 0,499 0,477 8,009 0,529 0,557 0,537 N/A N/A N/A N/A

99 3685,00 Jantar TFr 2,891 0,563 0,593 0,631 7,536 0,635 0,648 0,658 N/A N/A N/A N/A 2,891 0,642 0,666 0,647 7,536 0,636 0,648 0,641 N/A N/A N/A N/A

100 3682,91 Jantar BFr 2,157 0,560 0,534 0,554 5,460 0,537 0,566 0,538 8,763 0,533 0,520 0,521 2,157 0,496 0,525 0,526 5,460 0,467 0,472 0,476 8,763 0,453 0,433 0,433283076

101 3684,96 Jantar BFr 2,479 0,678 0,701 0,713 6,073 0,688 0,686 0,699 9,666 0,694 0,696 0,685 2,479 0,566 0,601 0,620 6,073 0,542 0,548 0,536 9,666 0,537 0,555 0,53197026

102 3688,36 Jantar BFr 2,149 0,555 0,530 0,538 5,452 0,555 0,553 0,553 8,755 0,520 0,566 0,568 2,149 0,507 0,509 0,519 5,452 0,508 0,463 0,470 8,755 0,477 0,484 0,46953405

103 3200,82 Jantar BFr 3,856 0,582 0,600 0,606 7,159 0,569 0,583 0,588 10,462 0,542 0,541 0,554 3,856 0,499 0,504 0,511 7,159 0,505 0,500 0,483 10,462 0,477 0,497 0,489502762

104 3203,50 Jantar BFr 2,178 0,478 0,467 0,439 5,481 0,442 0,443 0,428 10,436 0,435 0,447 0,444 2,178 0,462 0,451 0,443 5,481 0,407 0,397 0,423 10,436 0,397 0,406 0,394840956

105 3205,94 Jantar BFr 2,244 0,616 0,562 0,568 5,329 0,564 0,568 0,574 9,957 0,513 0,516 0,610 2,244 0,518 0,515 0,546 5,329 0,498 0,518 0,522 9,957 0,463 0,461 0,472192099

106 3207,31 Jantar BFr 4,119 0,757 0,733 0,727 7,422 0,713 0,716 0,719 10,725 0,688 0,695 0,743 4,119 0,665 0,648 0,669 7,422 0,639 0,642 0,627 10,725 0,625 0,618 0,61302741

107 2902,84 Jantar BFr 3,032 0,739 0,724 0,712 7,990 0,732 0,728 0,717 12,949 0,705 0,700 0,689 3,032 0,648 0,626 0,614 7,990 0,606 0,609 0,612 12,949 0,598 0,608 0,604441892

108 2902,66 Jantar BFr 4,091 0,669 0,699 0,695 8,781 0,637 0,654 0,657 13,470 0,633 0,617 0,621 4,091 0,506 0,519 0,523 8,781 0,502 0,510 0,492 13,470 0,507 0,510 0,504960836

109 2899,95 Jantar BFr 3,518 0,443 0,477 0,460 8,627 0,445 0,471 0,454 13,737 0,443 0,436 0,435 3,518 0,453 0,461 0,471 8,627 0,413 0,423 0,426 13,737 0,403 0,402 0,400595127

110 2898,89 Jantar BFr 3,379 0,488 0,502 0,500 7,822 0,453 0,455 0,444 12,265 0,439 0,429 0,434 3,379 0,476 0,470 0,462 7,822 0,424 0,421 0,423 12,265 0,398 0,404 0,397572903

111 2901,12 Jantar TFr 2,028 0,646 0,630 0,633 5,082 0,549 0,564 0,559 8,136 0,529 0,532 0,526 2,028 0,527 0,591 0,553 5,082 0,471 0,491 0,471 8,136 0,439 0,427 0,433183183

112 2901,12 Jantar TFr 2,028 0,638 0,695 0,672 5,082 0,648 0,630 0,642 8,136 0,590 0,601 0,604 2,028 0,542 0,544 0,556 5,082 0,534 0,529 0,520 8,136 0,452 0,466 0,469219219

113 2900,70 Jantar TFr 2,578 0,596 0,593 0,616 6,602 0,503 0,487 0,509 10,627 0,515 0,511 0,504 2,578 0,543 0,511 0,507 6,602 0,497 0,506 0,502 10,627 0,453 0,462 0,45767847

114 2900,70 Jantar TFr 2,578 0,703 0,663 0,689 6,602 0,610 0,604 0,629 10,627 0,544 0,549 0,551 2,578 0,510 0,534 0,546 6,602 0,484 0,474 0,490 10,627 0,443 0,457 0,442340466

115 2885,85 Jantar BFr 1,798 0,956 1,277 1,162 4,298 1,014 0,984 0,983 6,797 0,803 0,822 0,844 1,798 0,929 0,956 0,940 4,298 0,881 0,899 0,902 6,797 0,937 0,955 0,944842802

116 2880,92 Jantar BFr 1,635 0,622 0,629 0,657 4,380 0,592 0,607 0,610 7,124 0,558 0,545 0,537 1,635 0,469 0,480 0,466 4,380 0,447 0,436 0,432 7,124 0,530 0,542 0,535246533

117 2888,20 Jantar BFr 3,250 0,532 0,528 0,534 6,952 0,538 0,527 0,514 10,654 0,489 0,493 0,493 3,250 0,438 0,454 0,461 6,952 0,444 0,455 0,433 10,654 0,439 0,425 0,449096595

118 2877,93 Jantar TFr 3,918 0,755 0,709 0,743 6,804 0,726 0,715 0,708 12,574 0,669 0,686 0,679 3,918 0,542 0,588 0,549 6,804 0,541 0,540 0,495 12,574 0,569 0,567 0,577787976

119 2890,35 Jantar TFr 2,233 0,760 0,755 0,763 5,866 0,682 0,689 0,695 11,316 0,704 0,693 0,690 2,233 0,600 0,601 0,631 5,866 0,568 0,603 0,591 11,316 0,595 0,607 0,604270348

120 2831,80 Jantar TFr 2,378 0,745 0,856 0,727 5,952 0,759 0,802 0,788 9,526 0,663 0,648 0,643 2,378 0,660 0,609 0,648 5,952 0,651 0,683 0,664 9,526 0,669 0,660 0,664415682

121 2827,83 Jantar BFr 3,023 0,484 0,469 0,434 5,522 0,442 0,458 0,462 9,271 0,432 0,438 0,433 3,023 0,435 0,433 0,444 5,522 0,458 0,455 0,457 9,271 0,456 0,462 0,469739857

122 2837,15 Jantar BFr 3,275 0,541 0,536 0,545 5,775 0,548 0,540 0,553 8,274 0,548 0,559 0,560 3,275 0,478 0,481 0,468 5,775 0,464 0,451 0,432 8,274 0,435 0,444 0,431203746

123 3947,88 Jantar BFr 2,460 0,607 0,611 0,580 5,479 0,569 0,563 0,580 N/A N/A N/A N/A 2,460 0,629 0,687 0,735 5,479 0,613 0,620 0,570 N/A N/A N/A N/A

124 3947,42 Jantar BFr 2,492 0,604 0,650 0,639 6,112 0,600 0,616 0,642 9,732 0,613 0,598 0,595 2,492 0,580 0,554 0,552 6,112 0,535 0,523 0,525 9,732 0,507 0,479 0,499349079

125 3665,54 Pasłęk BFr 2,386 0,848 0,912 0,892 5,535 0,784 0,807 0,773 10,259 0,647 0,638 0,662 2,386 0,588 0,566 0,554 5,535 0,633 0,639 0,649 10,259 0,611 0,600 0,612125863

126 3658,30 Pasłęk BFr 2,809 0,740 0,747 0,740 5,958 0,740 0,722 0,738 10,682 0,755 0,744 0,758 2,809 0,536 0,569 0,605 5,958 0,570 0,585 0,591 10,682 0,597 0,583 0,581367925

127 3651,83 Pasłęk BFr 2,265 0,744 0,721 0,745 5,573 0,684 0,665 0,674 10,536 0,654 0,672 0,355 2,265 0,660 0,644 0,628 5,573 0,545 0,563 0,560 10,536 0,565 0,555 0,550164861

128 3648,37 Pasłęk BFr 1,872 0,664 0,636 0,629 5,022 0,612 0,629 0,627 9,745 0,530 0,542 0,539 1,872 0,436 0,438 0,426 5,022 0,385 0,389 0,394 9,745 0,393 0,410 0,41299079

129 3643,83 Pasłęk BFr 2,614 0,640 0,660 0,623 6,507 0,577 0,585 0,594 12,346 0,630 0,637 0,641 2,614 0,515 0,501 0,498 6,507 0,466 0,476 0,459 12,346 0,501 0,509 0,503231909

130 3638,85 Pasłęk BFr 2,483 0,666 0,711 0,666 5,632 0,770 0,780 0,779 10,356 0,649 0,657 0,642 2,483 0,571 0,567 0,563 5,632 0,524 0,528 0,522 10,356 0,571 0,536 0,521210278

131 3677,82 Pasłęk BFr 1,663 0,947 0,955 0,951 4,966 0,934 0,907 0,897 8,269 0,736 0,734 0,747 1,663 0,739 0,726 0,777 4,966 0,652 0,608 0,639 8,269 0,674 0,641 0,647493509

132 3150,13 Pasłęk BFr 2,405 0,563 0,591 0,585 5,708 0,532 0,560 0,548 10,662 0,539 0,555 0,548 2,405 0,494 0,483 0,477 5,708 0,470 0,469 0,449 10,662 0,424 0,434 0,431846344

133 3152,14 Pasłęk BFr 2,347 0,697 0,697 0,701 5,650 0,702 0,711 0,700 10,604 0,629 0,642 0,626 2,347 0,581 0,595 0,599 5,650 0,521 0,527 0,533 10,604 0,516 0,511 0,508487774

134 3152,85 Pasłęk BFr 2,504 0,515 0,519 0,514 5,807 0,524 0,518 0,515 10,761 0,496 0,492 0,498 2,504 0,453 0,468 0,460 5,807 0,456 0,459 0,454 10,761 0,421 0,431 0,427409454

135 3153,94 Pasłęk BFr 2,290 0,648 0,658 0,660 5,684 0,637 0,646 0,626 9,078 0,619 0,633 0,636 2,290 0,532 0,551 0,557 5,684 0,550 0,544 0,553 9,078 0,547 0,552 0,534492428

136 3156,13 Pasłęk BFr 2,637 0,765 0,684 0,691 6,061 0,656 0,673 0,681 9,485 0,677 0,678 0,677 2,637 0,640 0,642 0,651 6,061 0,532 0,544 0,546 9,485 0,522 0,543 0,528158845

137 3165,46 Pasłęk BFr 1,983 0,659 0,686 0,688 5,287 0,640 0,671 0,679 8,590 0,653 0,660 0,657 1,983 0,659 0,669 0,678 5,287 0,644 0,631 0,656 8,590 0,598 0,609 0,60853682

138 3173,34 Pasłęk BFr 2,583 0,654 0,667 0,641 6,943 0,641 0,640 0,639 11,303 0,628 0,631 0,614 2,583 0,487 0,504 0,509 6,943 0,484 0,485 0,471 11,303 0,470 0,479 0,472324012

139 3176,96 Pasłęk BFr 2,907 0,649 0,611 0,617 6,367 0,614 0,610 0,601 9,827 0,590 0,596 0,595 2,907 0,555 0,549 0,561 6,367 0,547 0,530 0,526 9,827 0,517 0,524 0,526760563

140 3177,91 Pasłęk BFr 3,140 0,588 0,577 0,560 6,443 0,554 0,573 0,562 9,746 0,558 0,560 0,554 3,140 0,513 0,484 0,501 6,443 0,484 0,490 0,479 9,746 0,461 0,469 0,472970683

141 3182,93 Pasłęk BFr 3,384 0,561 0,564 0,589 6,687 0,564 0,569 0,555 9,990 0,558 0,568 0,560 3,384 0,487 0,484 0,499 6,687 0,475 0,487 0,484 9,990 0,482 0,480 0,489502397

142 3191,14 Pasłęk BFr 2,386 0,565 0,574 0,577 5,689 0,578 0,559 0,555 8,993 0,554 0,565 0,553 2,386 0,504 0,508 0,502 5,689 0,506 0,502 0,496 8,993 0,500 0,482 0,49164371

143 3195,92 Pasłęk BFr 3,057 0,468 0,476 0,493 6,360 0,456 0,459 0,470 9,663 0,454 0,438 0,440 3,057 0,458 0,431 0,409 6,360 0,389 0,395 0,388 9,663 0,413 0,399 0,398393437

144 3154,32 Pasłęk TFr 5,780 0,498 0,494 0,503 11,083 0,479 0,480 0,486 16,385 0,455 0,462 0,463 5,780 0,465 0,480 0,456 11,083 0,432 0,434 0,430 16,385 0,431 0,423 0,425242718

145 3154,32 Pasłęk TFr 5,780 0,494 0,472 0,469 11,083 0,466 0,472 0,461 16,385 0,438 0,439 0,439 5,780 0,444 0,445 0,451 11,083 0,401 0,411 0,412 16,385 0,398 0,398 0,392880259

146 3154,16 Pasłęk TFr 5,688 0,525 0,537 0,539 10,771 0,476 0,485 0,489 15,854 0,482 0,467 0,471 5,688 0,482 0,502 0,512 10,771 0,465 0,475 0,478 15,854 0,463 0,465 0,460724591

147 2894,51 Pasłęk BFr 3,075 0,510 0,496 0,472 7,517 0,499 0,504 0,492 11,960 0,499 0,495 0,488 3,075 0,436 0,448 0,454 7,517 0,429 0,447 0,439 11,960 0,409 0,404 0,412518574



148 2887,90 Pasłęk BFr 2,755 0,525 0,547 0,541 7,198 0,516 0,525 0,516 11,640 0,514 0,510 0,509 2,755 0,464 0,470 0,474 7,198 0,411 0,428 0,433 11,640 0,405 0,406 0,413549618

149 2880,68 Pasłęk BFr 3,055 0,559 0,564 0,583 7,497 0,553 0,561 0,554 14,162 0,535 0,536 0,535 3,055 0,538 0,544 0,518 7,497 0,481 0,485 0,492 14,162 0,464 0,454 0,460862745

150 2862,43 Pasłęk BFr 2,717 0,590 0,608 0,614 7,160 0,559 0,556 0,554 13,824 0,523 0,525 0,514 2,717 0,545 0,518 0,500 7,160 0,497 0,522 0,519 13,824 0,498 0,509 0,501365901

151 2859,56 Pasłęk BFr 3,046 0,629 0,629 0,642 7,489 0,622 0,613 0,602 14,153 0,631 0,622 0,622 3,046 0,563 0,559 0,557 7,489 0,546 0,543 0,528 14,153 0,515 0,518 0,520483441

152 2855,70 Pasłęk BFr 2,897 0,522 0,541 0,537 7,340 0,533 0,536 0,516 11,783 0,533 0,530 0,534 2,897 0,496 0,528 0,497 7,340 0,479 0,467 0,475 11,783 0,469 0,456 0,456636501

153 2872,65 Pasłęk BFr 3,400 0,469 0,482 0,487 8,060 0,475 0,479 0,471 12,720 0,454 0,460 0,455 3,400 0,413 0,432 0,419 8,060 0,423 0,416 0,413 12,720 0,406 0,408 0,40923246

154 2865,52 Pasłęk TFr 4,219 0,550 0,579 0,557 11,883 0,517 0,523 0,532 19,547 0,522 0,512 0,513 4,219 0,605 0,579 0,561 11,883 0,517 0,550 0,537 19,547 0,530 0,523 0,526171339

155 2865,52 Pasłęk TFr 4,219 0,510 0,465 0,493 11,883 0,500 0,497 0,482 19,547 0,476 0,474 0,480 4,219 0,514 0,519 0,499 11,883 0,513 0,516 0,507 19,547 0,490 0,500 0,49931386

156 2864,73 Pasłęk TFr 5,500 0,531 0,521 0,508 15,099 0,500 0,478 0,490 24,698 0,460 0,467 0,466 5,500 0,544 0,572 0,535 15,099 0,544 0,530 0,526 24,698 0,548 0,555 0,541002721

157 2864,73 Pasłęk TFr 5,500 0,510 0,507 0,507 15,099 0,462 0,454 0,455 24,698 0,435 0,427 0,429 5,500 0,487 0,506 0,490 15,099 0,438 0,452 0,448 24,698 0,417 0,411 0,413913719

158 2886,82 Pasłęk BFr 3,203 0,585 0,575 0,568 8,623 0,551 0,553 0,560 14,043 0,533 0,525 0,536 3,203 0,564 0,585 0,593 8,623 0,552 0,545 0,562 14,043 0,541 0,537 0,536472404

159 2830,05 Pasłęk BFr 2,810 0,831 0,843 0,774 5,467 0,832 0,836 0,847 8,123 0,748 0,783 0,764 2,810 0,745 0,704 0,730 5,467 0,805 0,696 0,798 8,123 0,644 0,646 0,644538914

160 2831,17 Pasłęk BFr 1,530 1,156 1,112 1,112 4,186 0,949 0,984 0,983 6,843 0,901 0,916 0,896 1,530 0,699 0,826 0,766 4,186 0,634 0,599 0,614 6,843 0,575 0,582 0,595108696

161 2832,24 Pasłęk BFr 2,477 0,670 0,681 0,624 5,133 0,687 0,697 0,701 7,790 0,706 0,689 0,684 2,477 0,704 0,701 0,722 5,133 0,558 0,573 0,587 7,790 0,498 0,526 0,501449275

162 2834,17 Pasłęk BFr 2,172 0,896 0,909 0,888 5,001 0,775 0,814 0,820 7,830 0,846 0,815 0,797 2,172 0,640 0,617 0,630 5,001 0,580 0,566 0,567 7,830 0,731 0,752 0,743858382

163 2834,39 Pasłęk BFr 2,281 0,596 0,595 0,563 5,110 0,586 0,577 0,575 9,353 0,603 0,610 0,610 2,281 0,511 0,499 0,506 5,110 0,467 0,442 0,446 9,353 0,486 0,530 0,499470739

164 2838,07 Pasłęk BFr 2,165 0,668 0,669 0,686 4,994 0,621 0,616 0,624 9,237 0,660 0,644 0,655 2,165 0,598 0,591 0,600 4,994 0,573 0,601 0,598 9,237 0,578 0,583 0,597458276

165 2854,64 Pasłęk BFr 2,144 0,624 0,637 0,638 4,973 0,576 0,592 0,595 9,216 0,576 0,584 0,576 2,144 0,497 0,520 0,518 4,973 0,467 0,460 0,461 9,216 0,455 0,443 0,431246163

166 2872,21 Pasłęk BFr 3,205 0,727 0,692 0,721 6,034 0,617 0,643 0,632 10,277 0,643 0,643 0,672 3,205 0,639 0,659 0,650 6,034 0,617 0,565 0,571 10,277 0,500 0,523 0,517753922

167 2873,72 Pasłęk BFr 1,404 0,602 0,615 0,616 4,006 0,619 0,609 0,622 7,909 0,614 0,622 0,615 1,404 0,552 0,559 0,553 4,006 0,522 0,536 0,531 7,909 0,513 0,512 0,512255305

168 2868,18 Pasłęk TFr 3,519 0,548 0,571 0,582 7,343 0,573 0,559 0,567 11,168 0,551 0,565 0,561 3,519 0,590 0,583 0,599 7,343 0,613 0,597 0,599 11,168 0,605 0,594 0,594349315

169 2869,07 Pasłęk TFr 3,739 0,620 0,620 0,660 9,345 0,632 0,639 0,648 14,950 0,591 0,583 0,584 3,739 0,510 0,519 0,520 9,345 0,477 0,451 0,469 14,950 0,473 0,474 0,475815523

170 2779,70 Pasłęk TFr 2,354 0,635 0,602 0,611 6,433 0,653 0,657 0,652 12,551 0,625 0,620 0,622 2,354 0,615 0,631 0,665 6,433 0,586 0,591 0,598 12,551 0,597 0,592 0,590022749

171 2775,81 Pasłęk BFr 2,693 0,639 0,620 0,613 5,192 0,588 0,601 0,603 7,692 0,610 0,622 0,617 2,693 0,513 0,500 0,500 5,192 0,483 0,500 0,480 7,692 0,484 0,489 0,482047116

172 2776,22 Pasłęk BFr 1,775 0,580 0,638 0,629 4,274 0,624 0,643 0,623 6,773 0,631 0,643 0,635 1,775 0,537 0,543 0,511 4,274 0,546 0,546 0,535 6,773 0,468 0,482 0,492066421

173 2776,45 Pasłęk BFr 2,556 0,676 0,661 0,661 5,055 0,646 0,652 0,658 7,554 0,659 0,649 0,648 2,556 0,521 0,539 0,541 5,055 0,545 0,550 0,546 7,554 0,539 0,552 0,548056245

174 2777,36 Pasłęk BFr 2,813 0,709 0,720 0,687 5,312 0,677 0,662 0,665 9,061 0,652 0,664 0,652 2,813 0,610 0,638 0,643 5,312 0,624 0,605 0,609 9,061 0,573 0,565 0,578540891

175 2785,41 Pasłęk BFr 2,413 0,882 0,893 0,896 4,912 0,785 0,784 0,775 7,412 0,781 0,764 0,786 2,413 0,680 0,689 0,715 4,912 0,614 0,641 0,632 7,412 0,635 0,630 0,615747766

176 2826,25 Pasłęk BFr 1,481 0,836 0,825 0,835 3,980 0,686 0,675 0,680 6,480 0,625 0,649 0,650 1,481 0,571 0,600 0,624 3,980 0,511 0,511 0,539 6,480 0,519 0,516 0,523625844

177 2807,15 Pasłęk Tf 2,480 0,371 0,384 0,376 4,794 0,396 0,413 0,403 7,108 0,370 0,388 0,365 2,480 0,299 0,291 0,297 4,794 0,325 0,310 0,317 7,108 0,251 0,261 0,258463542

178 3920,92 Pasłęk BFr 2,683 0,668 0,673 0,692 5,832 0,658 0,639 0,659 10,556 0,603 0,608 0,623 2,683 0,718 0,727 0,677 5,832 0,559 0,563 0,597 10,556 0,540 0,520 0,546986874

179 3921,63 Pasłęk BFr 3,012 0,674 0,693 0,705 6,162 0,689 0,666 0,682 10,885 0,705 0,676 0,707 3,012 0,617 0,624 0,590 6,162 0,587 0,595 0,570 10,885 0,564 0,581 0,552003472

180 3927,37 Pasłęk BFr 2,312 0,839 0,802 0,790 5,461 0,801 0,772 0,800 10,185 0,736 0,749 0,754 2,312 0,922 0,949 0,943 5,461 0,866 0,834 0,867 10,185 0,704 0,679 0,674706246

181 3929,09 Pasłęk BFr 2,535 0,768 0,765 0,803 5,684 0,755 0,731 0,758 10,408 0,712 0,712 0,729 2,535 0,621 0,678 0,701 5,684 0,559 0,575 0,594 10,408 0,601 0,580 0,604689864

182 3936,17 Pasłęk BFr 1,725 0,529 0,527 0,520 4,995 0,451 0,421 0,449 N/A N/A N/A N/A 1,725 0,389 0,359 0,406 4,995 0,288 0,310 0,323 N/A N/A N/A N/A

183 3935,63 Pasłęk BFr 3,138 0,596 0,534 0,578 7,469 0,534 0,548 0,555 N/A N/A N/A N/A 3,138 0,469 0,419 0,450 7,469 0,397 0,363 0,387 N/A N/A N/A N/A


