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Abstract: The relevance of the study is due to the fact that the nature of failure of rockfill slope protections of hy-
draulic structures under ice loading during water-level fluctuations has not actually been described. At the same time,
ice jamming caused by the freezing of the ice cover to the structure during water-level changes should be classified
as a dangerous type of ice impact. Therefore, any data on the nature of structural damage and its parameters can
contribute to improving the design principles and design substantiation of hydraulic structures. An analysis of failures
performed on the drainage berm of the main dam of the Nizhny Novgorod HPP made it possible to thoroughly sche-
matize the recorded defects. To determine the causes of the hydraulic structure failure, a set of stability calculations
for the hydraulic structure slope was performed. The complexity of the calculations lay in the fact that they had to be
carried out in such a way as to assess the actual stability deficit, i.e., to determine the ultimate pull-out moment as
accurately as possible. A comparative analysis of field observation data and calculation results made it possible to
establish both the contribution of various factors to the failure scheme of the hydraulic structure and the causes of
failure. Convincing evidence is presented of the significant influence of the warming effect of groundwater (seepage
water) on the failure of the hydraulic structure. The new data obtained should be taken into account to refine the
existing calculation schemes for assessing the stability of slope protections of hydraulic structures in cases where
groundwater may emerge onto the slope. Such refinement may be required for slopes of canals in cuts, dam slopes,
flood-protection structures, or transport embankments extending into river channels.
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PA3ZPYUIEHME JIEIOBBIM ITPUITAEM KAMEHHO-
HABPOCHBIX OTKOCHBIX KPEIIJIEHUMN: HATYPHBIE
N TEOPETUYECKUE UCCJIEJIOBAHUA

M.B. Kosnos', /I.A. Kpymoe ?

! MOCKOBCKHI TOCYJapCTBEHHBIN CTPOMTENBHBIN yHUBEpCHTET, T. MockBa, POCCHU S
2 Kazaxcrancko-Hemenxuii ynusepcurert, r. AnMater, KASAXCTAH

AHHOTAIUs: AKTYyaJbHOCTh PACCMAaTPUBAEMOM IIPOOJIEMBI BBI3BaHA TEM, UYTO XapaKTep pa3pyLICHUs] KaMEHHO-
HaOPOCHBIX OTKOCHBIX KPEIUIEHNH THAPOCOOPYKEHHI JIeTI0BOH HAarpy3Koil IpH KosaeOaHUsAX ypOBHS BOIBI (haKTH-
YeCKH HE OnucaH. BMmecTe ¢ TeM, Je0BbIi Mpunai, 00yCIOBICHHBIH TPUMEP3aHUEM K COOPYKEHHUIO JICJSTHOTO
IIOKPOBA IPU U3MEHEHUHU YPOBHS BOJbI, CJI€yEeT OTHOCUTH K OIACHBIM BUJaM JIEOBbIX Bo3nelcTBuil. [ToaTomy
J00BIe JaHHBIC O XapaKTepe MOBPEXKASHNH KOHCTPYKIMH 1 MapaMeTpax dTOro MOBPEKICHHUS MOTYT CIIOCOOCTBO-
BaTb COBEPILIECHCTBOBAHUIO IPUHIIUIIOB IPOCKTUPOBAHUS U PaCU€THOr0 00OCHOBAHUS TUAPOCOOPYKCHUH. AHATIN3
paspyllIeHui, BBIIOIHEHHBIN Ha ApeHaXHOM OaHKeTe pyciioBoi miotunsl Hinkeroponckoit I'DC, no3sonun ae-
TaJbHO CXEMAaTU3UPOBATh 3aUKCUPOBAHHBIE Ae(EeKThL. J{JIs BBISCHEHUS IPUYUH Pa3pyLICHUsI THAPOCOOPY KEHHUS
OBLJI BBIIIOJIHEH KOMIUIEKC PACUETOB YCTOMYHUBOCTH OTKOCA TUAPOCOOpyx eHUs. CI0XKHOCTh BBIIIOJIHEHUS pacde-
TOB 3aKJII0YaJIach B TOM, YTO UX HaJ0 ObLIO BBIIOJIHUTH TaK, YTOOBI OLEHUTH (PaKTUUECKUH NeUIUT yCTOHIUBO-
CTH, T.€. HauboJiee TOYHO ONPEAENIUTh IPEACIIbHbII BHIPHIBAIOIIUNE MOMEHT. CONIOCTaBUTEIbHBIN aHAIN3 JaHHBIX
HaTYPHBIX HaOIIOAEHUN U pe3yIbTaTOB PACUETOB I103BOIMII YCTAHOBUTD KaK BKJIaJ Pa3/IMUYHbIX (PaKTOPOB B CXEMY
paspylLIeHUs] TUAPOCOOPY KEHUsI, TaK M IMPUUUHBI pa3pyuieHus. IIpuBenenbl yoeIuTeIbHbIE JOKA3aTENbCTBA CY-
LIECTBEHHOI'O BJIMSHUS OTEIUISIOIIEr0 BO3AEHCTBUS I'PYHTOBBIX ((PUIBTPALlMOHHBIX BOJ) HA pa3pyllIeHUE KOH-
CTPYKLUU ruapocoopyxenus. IlomydeHHble HOBbIE JaHHBIE HEOOXOAUMO YUUTBIBATH JJIs1 yTOYHEHMSI CYLIECTBY-
IOLUX PACUETHBIX CXEM IO OLIEHKE YCTOMYMBOCTU OTKOCHBIX KPEIUIEHUH THIPOCOOPYKEHHUH B Cllydyae BO3MOXK-
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HOCTH BBIXOZa I'PYHTOBBIX BO] HA OTKOC. Taxoe YTOYHEHUE MOKET HOTpC6OBaTLCH JUII OTKOCOB KaHAJIOB, ITPOXO-
JAIHUX B BBIEMKE, OTKOCOB IIJIOTUH, ITIPOTUBOIIABOAKOBBIX I‘I/I,Z[pOCOOpy)KCHI/Iﬁ WA TPAHCTIOPTHBIX HaCBIHCﬁ, 3ax0-

JIIINX B PYCIIO PeK.

Ki1roueBble cjioBa: Je10BBII MPUMAid, JISASHOHN MOKPOB, pa3pyIlIeHHe 0TKOCA, CXeMaTH3aIMs 1e()EKTOB,
GeperoBast TpeuHa

INTRODUCTION

The practice of hydraulic structure operation in-
volves the cases of slope protection failure
caused by ice loads resulting from the freezing of
the ice cover to the structure during water level
changes. Such ice impact is commonly referred
to as ice jamming, the mechanism of which is de-
scribed in ICOLD Bulletin 105 and in reference
[1]. In particular, when ice freezes to rockfill, this
lifts the frozen mass as the water level rises. If
the water level falls, the ice sheet, acting as a can-
tilever, displaces the rockfill protection from its
design position.

Slopes of canals [2], flood protection embank-
ments along riverbanks [3], bridge approach fills,
upstream slopes of dams (e.g., during reservoir
drawdown), as well as rock drainage berms in the
tailwater of hydroelectric plants in wide sections
where the influence of the polynya decreases [4],
may be subjected to such loading. At the same
time, the ice load caused by the rise/fall of the ice
sheet (ice jamming) is the most dangerous among
all possible ice impacts for rockfill [4].
Therefore, any field data concerning the destruc-
tive effect of ice jamming on hydraulic structure
slopes will be valuable for researchers and de-
signers.

For example, reference [5] examined the failure
of arock drainage berm slope of the Nizhny Nov-
gorod HPP main dam. Let us briefly describe the
studies previously conducted at the Nizhny Nov-
gorod HPP.

Thus, the rock drainage berm of the Nizhny Nov-
gorod HPP main dam required annual repairs af-
ter a two-month winter operation period. Accord-
ing to the original design, the structure has a
length of 500 m, an average height of 7-8 m, a
crest width of 5 m, and a slope of 1:2. The berm
is formed by rockfill with an average stone diam-
eter of 0.25 m. Figure 1 shows a typical

Volume 22, Issue 3, 2026

cross-section based on depth measurements, il-
lustrating both the reshaping pattern of the berm
and its design profile (indicated by a dashed line).
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Figure 1. Scheme of transformation of a slope
composed of rockfill under the action of ice jam-
ming: 1) slope failure; 2) reshaping of the upper

part of the slope forming a steep slope; 3) reshap-
ing of the lower part of the slope forming a gentle

slope; 4) maximum ice-cover level; 5) minimum
water and ice-cover level; 6) dam body

The layout features of the Nizhny Novgorod hy-
dropower complex and its operation exclude any
other ice impacts on the structure except for ice
jamming. Firstly, the rock berm of the main dam
is located at a considerable distance (at least 1
km) from the spillway and the power house, and
thus from the polynya. Secondly, no ice is re-
leased through the dam.

Evidence that the ice edge approaches the drain-
age berm (usually in January—February) comes
from operation service records and aerial ice sur-
veys [6]. According to these data, the ice thick-
ness in the tailwater near the drainage berm dur-
ing severe winters does not exceed 35 cm. At the
same time, in the lake-like part of the reservoir
(near the dam), the ice thickness is 50—60 cm,
which is less than in other Volga reservoirs. The
modest ice thickness is due to the warming dis-
charges from the Kostroma GRES. Data on an-
thropogenic thermal pollution and ice thick-
nesses were obtained from two different sources
over different periods: [6] and [7].
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Complete ice clearance occurs in April. The for-
mation of ice cover in the tailwater of the Nizhny
Novgorod HPP is accompanied by stable frosty
weather, low discharges, and constant HPP out-
put throughout the day [7].

Depending on the air temperature and discharges
into the tailwater, the ice edge may approach and
retreat from the structure several times during
one winter. At the same time, water-level fluctu-
ations in the tailwater of the Nizhny Novgorod
hydroelectric complex during the day can have a
wide amplitude depending on the HPP dis-
charges: from 0 to 2 m [7].

Note that Figure 1 presents an averaged assess-
ment of damage. In reality, the observed param-
eters vary over a fairly wide range of values:

- the depth of slope failure ranges from 0.44 to
1.18 m (measured perpendicular to the slope);

- the slope steepness in the upper part varies from
1:0.73 to 1:1.77, and in the lower part — from
1:2.78 to 1:5.22;

- the point where the steep upper part transitions
into the gentle lower part is located about 2 m
from the maximum water level.

There is also a tendency: the steeper the upper
part of the slope, the flatter the values of the
lower part. In this case, the lower contour of the
slope, with an average slope of 1:4, is no longer
subjected to failure.

The large scatter of parameters (slope angles and
failure depth) is most likely due to the complex
thermal regime. Among the factors considered
are the influence of snow cover and the warming
effect of the reservoir. In particular, relatively
warm seepage waters can reduce the weight of
the frozen rockfill, which is a resisting force, and
shift the center of rotation of the frozen mass to-
wards the shoreline, i.e., reduce the leverage
arms of the resisting forces.

The presented observations are important for
practice because this allowed recording the ac-
tual parameters of the failure of a slope com-
posed of rockfill.

Nevertheless, the cause of the destruction of the
hydraulic structure is not obvious. To refine the
calculation schemes for assessing the stability of
slopes under ice jamming and to improve design
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methods for hydraulic structures, the following
tasks need to be addressed:

- establish the causes of the unfavorable condi-
tion of the structure and assess the contribution
of various factors to the failure process;

- determine the stability deficit of the failed rock-
fill embankment;

- schematize/systematize the nature of the failures;
- develop recommendations for improving de-
sign solutions.

METHODS

Perform the stability analysis for the failed slope
of the hydraulic structure. In this way, we will
seek the actual stability deficit, i.e., we will not
include various safety factors.

To determine the moment load most accurately,
we will assess stability not on the basis of the ice
strength itself, as i1s common practice, but differ-
ently. In particular, we use the expression for the
bending moment at the fixed end M (the moment
load), which is derived from the differential
equation of the deflected axis of the ice cover:

2
E- 12 =M,

dx? (1)
Where E is the elastic modulus of the ice cover, /
is the moment of inertia of the ice-cover
cross-section, and M is the bending moment at
any section at a distance x from the fixed end (the
ice jam). The origin is taken at the ice-jam loca-
tion, with the oy axis directed downward and ox
to the right.

The most accurate solution to equation (1) was
proposed by P.A. Shankin, who assumed that the
deformation pattern of the ice cover during wa-
ter-level fluctuations allows a correct determina-
tion of the vertical forces, bending moments, and
the length / of the deflecting ice sheet [8]. We pre-
sent the expressions for the bending moment at the
fixed end M and the length / of the ice cover over
which the load is transmitted to the structure:

[ = 3,58@
yC

2)
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1
60-12

M=f {yC5Y —2)+360-E-1}. (3)
Where v is the unit weight of water; C is the length
of the structure along the front at the ice action
level; the numerical coefficient in formula (2) is ob-
tained for the ratio of the water-level rise/fall H to
the deflection f'equal to 1 (i.e., H/f=y = 1).

The bending moment at the fixed end M can also
be called the ultimate pull-out moment acting in
section x (Fig. 2). In this section, the first shore-
line crack appears in the ice cover.

Figure 2. Force diagram for the stability analy-
sis of a slope composed of rockfill during
ice-cover rise: 1 — freezing boundary of the soil;
2 — weight of frozen soil; 3 — weight of ice on
the slope; 4 — weight of snow cover; 5 — slope
surface; 6 — freezing depth of rockfill above the
water level (Hi); 7 — freezing depth of rockfill at
the water level (Hz); 8 — freezing depth of rock-
fill below the water level (H3); 9 — center of ro-
tation of the frozen rockfill mass

The length / of the ice cover corresponds to the
point where the curvature of the ice field transitions
to a horizontal position, i.e., when the section rota-
tion angle 6 = 0 and the deflection is maximum f.
The deflection f'is assigned according to field ob-
servation data obtained by geodetic levelling of the
ice field under similar ice thickness [8].

For an ice thickness # = 0.35 m, E = 400,000 t/m>
(3922.66 MPa) [9-15]; /=0.00357 m*, y = 1, and
f=0.025 m, the length of the ice cover from for-
mula (2) is / = 22.0 m, and the pull-out moment
from formula (3) is M = 0.44 tf'm (4.31 kN-m).
The applicability of expressions (2) and (3) is
limited by the following conditions:
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- B>2[ (B is the width of the water body at the
design water level);

- (ya-f)/y=H>f (ya is the unit weight of ice, 7 is the
ice thickness).

All the above considerations remain valid for
both water-level drawdown and rise, except that
during a rise, the overturning moment is clock-
wise and the vertical force is upward; during a
drawdown, the opposite occurs.

Verification stability calculations of the rock
berm during water-level rise (as the most danger-
ous case) will be performed for the actually rec-
orded ice thickness in a severe winter (35 cm).
We will also assume different values of
snow-cover height 9.

The snow-cover height o significantly affects the
freezing depth of the soil above and below the
water level [16], and consequently the magnitude
of the resisting forces (weight of the frozen rock-
fill) and the position of the centre of the frozen
mass. In the absence of snow cover and without
the warming effect of groundwater, the resisting
forces will be maximal. According to operation
service data, the maximum average ten-day
snow-cover height over the winter does not ex-
ceed 53 cm. The maximum snow depths are ob-
served at the end of March, when the ice-jam haz-
ard is already absent.

Evaluate the slope stability for different design
cases: for slope angles in the upper part (1:2) and
lower part (1:4) and for various snow-cover
thicknesses.

In the case of water-level rise, all moments resist-
ing the rockfill are taken entirely within sections
x — xo (Fig. 2), assuming that the frozen rockfill
mass does not deform.

To assess slope stability, it is necessary to esti-
mate the freezing depths of the soil: above the
water level H1, at the water level H2, and below
the water level Hs. For the considered calculation
scheme (Fig. 2), the values of H1, H2, and H3 can
be taken from the formulas:

s

Hy =H; — Eﬁstlv 4)
s

H, = Hy — EﬁstZa (5)
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Where Ha is the freezing depth of the rockfill; s
is the thickness of the protective snow medium;
Bs is the thermal conductivity of snow; Bsn1 is the
thermal conductivity of the rockfill in the dry
state; Bs.2 1s the thermal conductivity of the rock-
fill below the water level in the freezing zone; ¢
is the ice thickness.

In determining the weight of the frozen rockfill,
the following was taken into account:

- at depth H1, the unit weight of frozen soil con-
taining an unaccounted amount of ice in the
pores, with the buoyant effect of water (y: = 18.1
kN/m?);

- at depth Ha, the unit weight of frozen soil in-
cluding the weight of ice in the pores, with the
buoyant effect of water (y2 = 19.1 kN/m?).

RESULTS AND DISCUSSION

Example of stability calculation for a slope with
design slope angle of 1:2 at a snow depth of 25
cm is given in Table 1.

Table 1. Stability calculation of a rockfill slope
(1:2) under ice-jamming action (ice thickness
35 c¢m, snow thickness 25 cm, H1 = 0.16 m; H>
=0.25m; H3; = 0.35 m)

Forces, tf (kN) Lever Resisting | K=X(M,)xo
arms, m moment, /M
tf:m
(kN-m)

Weight of snow 0.58 0.21 (2.06)
on ice sheet:
0.36 (3.53)
Weight of snow 0.13 0.01 (0.1)
on slope: 0.07
(0.69)
Weight of shore 0.82 0.09 (0.88)
ice: 0.11 (1.08) 4.31/4.31=
Weight of frozen 0.46 0.12 (0.18) 1
rockfill ~ below
water level: 0.26
(2.55)
Weight of frozen 0.12 0.01 (0.1)
rockfill  above
water level: 0.06
(0.59)

(M) | 0.44 (4.31)
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The results of stability calculations for the slope
with design slope angle 1:2 at different snow
thicknesses are presented in Table 2.

Table 2. Stability calculation results for the
rockfill slope (1:2) at different snow thicknesses

Parameter Snow depth, cm
20 25 30
Calculated stability
safety factor 277 1.00 0.48
Weight of frozen 0.97 0.32 0.19
rockfill, tf (kN) (9.51) (3.14) (1.86)

Analyze the results of the calculations and the
field observation data. If we do not take into ac-
count the warming effect of seepage water, then
at a snow thickness of 25 c¢cm the slope with de-
sign slope 1:2 should be stable. Thus, failure of
the 1:2 slope can occur only when the snow cover
depth exceeds 25 cm, i.e., by the middle or end
of winter. This is indirect, albeit incomplete, ev-
idence of the influence of the warming effect of
reservoir seepage waters on the position of the
center of the frozen mass and its weight.

A snow cover thickness of 30 cm creates the most
unfavorable conditions for the stability of the
slope with design slope 1:2, because a 30-cm
snow “cap” protects the slope from freezing. At
this snow depth (30 cm), the safety factor reaches
its minimum value because the weight of the fro-
zen rockfill under the warming snow cap is neg-
ligible. A thicker snow cover would lead to a
slight increase in the safety factor due to the ad-
ditional snow surcharge on the ice sheet and
slope.

With a snow cap of 30 cm or more, the slope with
design slope 1:2 will fail, but the failure parame-
ters should be identical along the structure length
if there are no other factors affecting the collapse.
On the contrary, the nature of failure is complex:
the actual values of the stone mass displaced
from its design position range from 6600 kg
(maximum) to 1000 kg (minimum). This means
that the failure of the slope with design slope 1:2
is caused by the influence of the seepage flow,
which creates a complex temperature field.
Consider the unlikely situation that the snow
thickness varies significantly along the slope
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length, i.e., it is not uniform in different
cross-sections:

1) from 0 to 50 cm;

2) from 30 to 50 cm;

The first case is not confirmed by field observa-
tions, because on some sections the structure
would not be damaged. In the second case, the
failure parameters would be identical, since a
snow cap larger than 30 cm no longer affects the
position of the soil freezing boundary.

Thus, a second reliable proof of the warming ef-
fect of reservoir seepage waters on the position
of the centre of the frozen mass and its weight is
presented.

The thermal regime of the seepage flow in the
dam body cannot but be determined by the water
temperature in the reservoir. According to field
observations conducted by the operation service,
the following is known [17]:

- during the freeze-up period, the water temperature
near the bottom in the lower part of the reservoir
(near the dam) in November and December is 1-2
°C, and by March it drops to 0.1-0.2 °C;

- in summer, the lake-like part of the reservoir is
characterised by a decrease in water temperature
from the surface to the bottom; the temperature
drop is usually 2-3 °C, but can reach 10-15 °C;
- if the maximum temperature of the seepage
flow in the upstream wedge of the dam (up to its
axis) is observed in September, then in the down-
stream wedge (drainage berm), the groundwater
has its maximum temperature in December.

The influence of warm groundwater on ice pro-
cesses has been noted earlier at weather stations,
in particular at the Ilyino post (Gorky Reservoir).
There, the ice thickness is smaller than at other
weather stations on the reservoir. Moreover, the
peculiarity of this phenomenon lies in the
non-uniformity of ice thickness: even in severe
winters, the thickness can vary from 10 to 75 cm
(data from the operation service of the Nizhny
Novgorod HPP [17]).

The lower part of the rockfill slope with a slope
of 1:4 is stable with a good margin even in the
presence of snow cover. The stability of such a
slope is largely determined by the weight of the
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shore ice and the significant lever arm of the cor-
responding force, even if the center of rotation of
the frozen mass is for some reason shifted toward
the shoreline.

The performed field observations of the failure of
the rockfill slope, accompanied by calculations,
show that there are two effective ways to combat
ice jamming [18-20]: flattening the slope and in-
creasing the stone size. The latter measure is only
effective under the warming influence of snow
cover or groundwater, because without these fac-
tors, the weight of the frozen rockfill, rather than
the weight of an individual stone, will be one of
the forces ensuring the stability of the slope pro-
tection.

The slope angle of the non-failed and stable
lower part of the slope is apparently determined
by the nature of the failure of the upper part,
which, after reshaping, rolls down to the lower
part of the structure. Thus, it has been observed
that the greater the failure depth and the steeper
the upper slope, the flatter the slope in its lower
part becomes.

CONCLUSIONS

1. One of the reasons of rockfill embankment
failure under ice-jamming action is the warming
effect of groundwater (seepage) flow. This fact
should be considered proven for the following
reasons:

- according to calculation results, failure of the
slope with design slope 1:2 can occur only when
the snow cover depth exceeds 25 cm, i.e., by the
middle or end of winter, which does not corre-
spond to field observation data;

- calculation results show that if the slope failure
were determined solely by the height of the snow
cap, its failure parameters would be identical
even if the snow thickness/depth varied along the
slope length;

- field observations of the failed slope show a
wide scatter in slope angles and in the mass of
stone displaced from its design position to the
lower part of the slope, which is due to the com-
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plex thermal regime within the hydraulic struc-
ture (the mass of stone displaced during two win-
ter months from the design position varies from
1000 kg to 6600 kg).

2. Systematic observations of the failure of a
rockfill embankment under ice-jamming action,
together with the stability calculations per-
formed, allow the following conclusions:

- the failure pattern of the design slope with slope
1:2 consists of a steep upper part (reaching
1:0.73) and a gentle lower part (averaging 1:4);

- the gentle slope of the lower, non-failed part of
the slope is most likely determined by the extent
of failure in the upper part, from which stone is
moved to the lower part, forming a new gentle
surface;

- under the most unfavorable scenario, a twofold
stability deficit of the rockfill slope with design
slope 1:2 is observed,

- the existing calculation schemes for assessing
the stability of slope protections need to be ad-
justed and, in particular, to account for the warm-
ing effect of groundwater when it emerges onto
the slope;

- effective and reliable design measures for slope
protections under ice-jamming hazard include
flattening the slopes (e.g., to 1:4) and increasing
the stone size.
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