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Analysis of normal operation of a rockfill dam
with combination of seepage-control elements:
reinforced concrete face and clay-cement-concrete wall
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Abstract. The paper considers results of stress-strain state analysis for a 87 m high rockfill dam
that is located in the layer of soil foundation and has a combined seepage-control element. In the lower
part of the dam as well as in its foundation there is fixed a grout curtain by using slurry trench cut-off
walls, and in the upper part there is fixed a reinforced concrete face. The wall and the face are
conjugated via the reinforced concrete gallery. Analyses showed that both seepage-control elements
have a favorable stress-strain state: no tensile stresses occur in them. In the considered dam the
reinforced concrete face operates in more favorable conditions than in a traditional dam with a reinforced
concrete face. This allows recommending this type of the dam for practical application in hydraulic
engineering. The alternative is proposed with the design of conjugation of a reinforced concrete face and
a seepage-control wall.

AHHOTauuA. PaccmaTpmBaloTcs pesynbTathl pacyéta HanpskEHHO-AedOpMUPOBAHUS COCTOSIHUSA
BbICOKON KaMEHHOW MMOTUHbI BbiCOTOM 87 M, pacnofioKEHHOW Ha Croe HeCKanbHOro OCHOBaHUS U
nmeroLen KOMOUHNPOBaHHLIA NPOTUBOMUILTPALMOHHBIN 3NTIEMEHT. B HWXXHEN YacTn NNOTUHLI, a Takke B
€€ OCHOBaHWM METOAOM «CTeHa B FpyHTE» YCTpoeHa NpoTUBOMUIbLTPALMOHHANA 3aBeca, a B BepxHen
yacTm — KenesobeTOHHbIN 3KpaH. ComnpsbkeHWe CTeHbl W 3KpaHa OCYLLEeCTBNSeTcs 4depes
Xene3obeTOoHHy0 ranepeto. PacyéTbl nokasanu, 4to oba npoTMBOUITLTPALNOHHBIX 3NIEMEHTA UMEKOT
GnaronpusaTHoe HanpsPKEHHO-4ePOPMUPOBAHHOE COCTOSIHUE — B HWUX HE BO3HUKaET pacTArnBaroLLmx
HanpshkeHun. B paccMOTpeHHON MNOTUHE Xene3obeToHHbIM 3KpaH paboTaeT B Oonee GnaronpusTHLIX
YCIOBMSIX, YEM B KITACCUYECKON NITOTUHE C Xerne300eTOHHbIM 3KpaHOM. OTO NO3BOMSIET PEKOMEHA0BATL
OaHHbIA TUN NNOTUHBI ANsl BHEAPEHUS B MPAKTUKY MAPOTEXHUYECKOro CTPOUTENBLCTBA.

Introduction. Task formulation

The necessity to enhance safety of embankment dams makes search for their new structural
solutions, including new structural designs of their seepage-control elements.

Among the not-natural (rock or soil) seepage-control elements of the embankment dam body the
reinforced concrete face is considered to be the most promising today. The height of constructed rockfill
dams with reinforced concrete faces already exceeded 230 m. However, at some of these dams
emergency situations occurred, where cracks appeared in the face [1-8]. One of the causes for crack
formation is tensile stresses in the face. Tension may occur due to bending deformation [3], as well as
due to longitudinal tensile deformation [9].

Among seepage-control measures in the earth foundation under earthfill dams the most popular
were cut-off walls [1-14]. Design studies show [15], that the stress-strain state of such walls may be
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favorable, if they are made of clay-cement. Under the dam dead weight the foundation soil settles and
presses the seepage-control wall, which prevents development of tensile stresses. Recently cut-off walls
began to be applied not only in foundations of earthfill dams but as seepage-control elements of the dam
body [16, 17].

In case the construction of a rockfill dam is planned on a thick layer of the earth, it is reasonable to
consider the dam alternative, where in the dam body the seepage-control element is presented by a
reinforced concrete face and in the structure foundation is like a cut-off wall. This is an eartfill dam with a
combined seepage-control element.

This article deals with the analysis of workability of such a dam based on the stress-strain state
(SSS) analysis.

Description of the structure under study

There was considered a 87 m high rockfill dam located on a 22.5 m thick layer of the gravel-pebble
soil (Fig. 1). The dam body is made of rock mass. The adopted seepage-control element in the earth
foundation is a clay-cement wall constructed by the bored pipe wall method. Besides, this wall is a
seepage-control element of the upstream cofferdam being part of the dam body. The total depth of the
wall is 51 m. In the upper part of the dam the seepage-control element is presented by a 0.5 m thick
reinforced concrete face.

Figurel. Design of the earthfill dam under study
I, Il — rockfill dam construction stages, O — earth foundation layer, C —rock foundation,
1 —reinforced concrete face, 2 — cut-off wall, 3 —reinforced concrete gallery, 4 —under-face zone,
5 —filling low-permeable soil, 6 — gravel-sand core in the upstream cofferdam body

There is a gallery arranged at the interface of the reinforced concrete face and the wall. The gallery
is located above the top part of the wall, however, the wall does not abut the gallery to provide free
settlements of the gallery.

Studies of the dam SSS were conducted by numerical modeling using the finite element method.

Quadrilateral finite elements were used to describe the continuous medium behavior. Contact
elements of zero thickness were used to model the contact behavior of earth structures between each
other. The numerical model consisted of 721 finite elements (out of which 66 are contact elements), and
746 corner nodes. All the finite elements had a cubic function of displacement approximation. The total
number of degrees of freedom in the numerical model was 7222.

Analyses were conducted with the NDS-Ncomputer program developed by Sainov M.P. at the
Chair of Hydraulic Engineering of Moscow State Civil Engineering University [18]. This permitted
considering non-linearity of soil behavior, as well as non-linearity of interaction of earth structures with
each other and with soil mass. The modified soil model proposed by Rasskazov L.N. was used to
consider non-linear deformation of soils [19, 20]. Coulomb model was used to assess shear strength of
contacts. The face reinforced concrete and the cut-off wall material in the analysis were assumed to be
elastic. Deformation modulus of reinforced concrete was assumed equal to 29000 MPa (Poisson’s ratio
v = 0.18). Deformation modulus of clay-cement was assumed equal to 100 MPa (Poisson’s ratio v = 0.2).
The clay-cement had such a Deformation modulus that its composition should include 120...140 kg of
bentonite and 120...160 kg of cement [15].

Analyses were conducted allowing for the staged dam construction. At the first stage the upstream
cofferdam and the dam foundation should be constructed. Then a seepage-control wall is constructed in
the gravel-sand core of the cofferdam and then a gallery above it. The first-stage CFRD is constructed
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under protection of the cofferdam (to V 69 m). Afterwards the reservoir is filled to V 65 m. Then the
second-stage dam is constructed and the reservoir is filled to V 80 m.

Technological features of constructing seepage-control structures were also taken into account.
The arrangement of the cut-off wall was modeled by replacing one material (gravel-sand soil) in the
structure model with another (clay-cement). However, it was taken into account that the wall clay-cement
takes up the dead weight in the non-hardened state. Its Poisson’s ratio is taken equal to 0.45, and the
deformation modulus is 20 MPa. Clay-cement took up other loads after gaining strength. A reinforced
concrete face was constructed fully for the whole height of the dam stage after the completion of its filling.

Totally 52 steps of the analysis were considered and each step was characterized by modeling
parts of the structure or occurring a new load.

Analysis results

Figures 2—8 show the results of the earthfill dam SSS analysis with a cut-off wall and a reinforced
concrete face for two moments of time. The first one is before the second-stage reservoir filling, the
second after the completion of construction and the reservoir filling to V 80 m. In the figures the red
curves correspond to the first moment of time, the green ones — to the second.

The analyses showed that main displacements and settlements occurred in the reinforced concrete
face and the wall after the reservoir filling. The character of settlement distribution of the reinforced
concrete face and that of the wall is different. Nearly the uniform distribution pattern during construction
stages is peculiar for the reinforced concrete face. For example, horizontal displacements of the second-
stage dam face are in the range of 22.2 + 23.9 cm (Fig. 2), and settlements — 12.2...15.6 cm (Fig. 3).

Figure 4 shows the face displacements in the direction to normal. The shape of the curve (Fig. 4)
evidences that the face bending deformations are not large. Bending occurs only in the zone of abutment
to the concrete gallery and that of the first-stage dam crest. In the first case the bend occurs toward the
downstream side, in the second — towards the upstream side.

Figure 5 shows the face longitudinal displacements, i.e. the displacements are directed along the
slope. After the reservoir filling these displacements are directed from the face foot to the dam crest.
They reach 15 cm. The occurrence of such displacements is caused by the fact that the face horizontal
displacements have a larger value than their settlements. As in the lower part of the face the longitudinal
displacements are somewhat larger than in the upper part, the face is subject to a pressing longitudinal
force.

The wall displacement distribution pattern is determined by locking its lower end by the rock
foundation. The wall foot displacements and settlements are actually equal to 0. Maximum wall
displacements and settlements are observed in their top part. At the moment of the end of reservair filling
the top maximum displacement amounted to 21.5 cm (Fig. 2). The shape of the displacement curve is
close to linear, which evidences about low development of bending deformations.

Maximum displacements of the wall top amounted to 41.2 cm (Fig. 3). A large value of settlements
is explained by the fact that they are caused by the wall dead weight when clay-cement is in a semi-liquid
state. Settlements of the top under the impact of other loads accounted for only 15.5 cm, i.e. nearly
similar to the concrete gallery settlements (16 cm).

FSL 80

Figure 2. Horizontal displacements (cm) of dam seepage-control elements
Red color indicates displacements before the reservoir filling.
Green color indicates displacements at the reservoir filling to V.80 m
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Figure 4. Reinforced concrete face displacements (cm)
in the direction perpendicular to the slope
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Figure 5. Reinforced concrete face displacements (cm)
in the direction along the slope

It is interesting that displacements in the zone of the reinforced concrete face interface with the
gallery: displacements in the perimeter joint. At the reservoir filling the perimeter joint opens for 0.4 mm.
The value of shear displacements in the joint is considerably larger — 2.9 mm. Such deformations are not
dangerous for the joint tightness; they may be perceived by water stops.

Figures 6—7 shows the distribution of stresses in the reinforced concrete face. Stresses in the
direction across the slope are formed by water hydrostatic pressure; they are not large. Stresses in the
direction along the slope are determined by a character of deformation distribution of the face and rock fill
under it. Before the reservair filling the zones of tensile longitudinal stresses are formed due to bending in
the face. At the upstream face they reach 2.08 MPa (Fig. 6), at the downstream face they are 2.98 MPa
(Fig. 7). These stresses may be taken up by reinforcement.

After the reservoir filling the compressive longitudinal deformations compensate tensile stresses in
the face, therefore the face SSS becomes more favorable. The upstream face is compressed by
longitudinal stresses actually for the whole length (Fig. 6). Compressive stresses reach 7.14 MPa. Not
large tensile longitudinal stresses are connected with face local bending deformations. On the
downstream face there are only compressive longitudinal stresses (Fig. 7); they do not exceed 4.3 MPa.
However, in the zone where the face abuts the concrete gallery there formed the zone of compressive
stress concentration equaling up to 12.8 MPa.
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Figure 6. Stresses (MPa) on the upstream face of the reinforced concrete face
in the direction along the face
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Figure 7. Stresses (MPa) on the downstream face of the reinforced concrete face
in the direction along the face

The seepage-control wall has favorable SSS: it is compressed from all sides. The maximum level
of compression is observed in a vertical direction by stresses o, (Fig. 8). This is explained by the fact that
the soil surrounding the wall settles under the weight of the earthfill dam and also compresses the wall.
Stresses o, are distributed heightwise uniformly. Compression deformations prevail over bending
deformations, therefore, stresses vary slightly within the thickness of the wall. The maximum value of
compressive stresses o, in the wall amounts to 1.1 MPa. It is less than the clay-cement uniaxial
compression strength, and it is equal to 1.27 MPa at E = 100 MPa [15, 21].

Opening the wall contact with the rock foundation occurs for the length of 20 cm, which comprises
only 1/6 of the wall thickness.

0.38-0.92
Figure 8. Stresses o, (MPa) on the faces of the  Figure 9. Scheme of conjugation for seepage-
seepage-control wall control elements 1 —reinforced concrete face,

2 —wall, 3 —gallery, 4 —under-face zone,
5 —sand core, 6 — foreshaft,
7 —filling the perimeter joint, 8 — air cavity
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Thus, in the considered dam design both seepage-control elements are in a favorable stress state:
they are compressed, but the compression level is not large. Compressive strengths may be disturbed
only in the interface zone of the reinforced concrete face and the gallery, where stresses are
concentrated up to 12.8 MPa. There is a danger of cleavage of the thin face corner, which can lead to the
seal failure of the perimeter joint.

To prevent the concentration of compressive stresses in the reinforced concrete face, the interface
of the reinforced concrete face with the concrete gallery may be provided in the form of soft hinged
connection (Fig. 9).

Conclusion

1. On the whole, the design of the high earthfill dam with two combined seepage-control elements
(a reinforced concrete face and a clay-cement cut-off wall) is favorable and safe. In dam displacements
under the impact of hydrostatic pressure the seepage-control elements have free displacements not
subjected to strong bending deformations. The connecting gallery plays the role of a hinge. On the one
hand, it preserves connection of seepage-control elements; on the other hand, it compensates possible
bending deformations.

In the considered structural design both seepage-control elements are in a favorable stress state:
they are compressed actually in all the sections. The connection points of the seepage-control elements
with the connecting gallery work reliably: displacements in the joints are not large; their tightness may be
usually provided by the used seals.

2. The only disadvantage of the considered design is the concentration of compressive stresses
on the downstream surface of the reinforced concrete face in the interface zone with the gallery. To cope
with this disadvantage, it is proposed to make a soft connection between the face and the gallery filling
the perimeter joint with a soft polymer material.

References

ICOLD. «Concrete Face Rockfill dam: Concepts for design
and construction». International Commission on Large
Dams. Bulletin 141. 2010. 401 p.

Cooke J.B., Sherard J.L. In Proceedings of the 2nd
Symposium on Concrete Face Rockfil Dams: Design,
Construction, and Performance. Detroit, Mich. October
1985. American Society of Civil Engineers (ASCE). New
York. Pp. 1-658.

Markes F.P., Pinto N. de S. Kharakteristiki kamenno-
nabrosnykh plotin s betonnym ekranom, poluchennyye
opytnym putem [Features concrete faced rockfill dam,
obtained by experience]. Mezhdunarodnyy daydzhest po
gidroenergetike i plotinam. 2007. Pp. 69-74. (rus)

Manoel S., Freitas Jr. Concepts on CFRDs Leakage
Control — Cases and Current Experiences. Inter. Society for
Soil Mechanics and Geotechnical Engineering, 2009, Vol.3.
Issue 9. Pp. 11-18.

Song W, Sun Y, Li L, Wang Y. Reason analysis and
treatment for the 1st phase slab cracking of Shuibuya
CFRD. Journal of Hydroelectric Engineering. 2008.
No. 3(27). Pp. 33-37.

Yifeng Chen, Ran Hu, Wenbo Lu, Dianging Li, Chuangbing
Zhou. Modeling coupled processes of non-steady seepage
flow and non-linear deformation for a concrete-faced rockfill
dam. Computers and Structures. 2011. Vol. 89. Pp. 1333—
1351.

Mokhtar Pour, E., Freitas Jr., M.S. Rehabilitation for high
concrete faced rockfil dam (CFRD): Availability and
vulnerability Dam Maintenance and Rehabilitation Il
Proceedings of the 2nd International Congress on Dam
Maintenance and Rehabilitation. Zaragoza, Spain. 2011.
Pp. 881-887.

De Pinto N.L.S. Very high CFRDs: Behaviour and design
features. International Journal on Hydropower and Dams.
2008. No. 15(4). Pp. 43-49.

Sainov M.P. Vliyaniye deformiruyemosti kamennoy nasypi
na napryazhenno-deformirovannoye sostoyaniye

NurtepaTtypa

ICOLD. «Concrete Face Rockfill dam: Concepts for design
and construction». International Commission on Large
Dams. Bulletin 141. 2010. 401 p.

Cooke J.B., Sherard J.L. In Proceedings of the 2nd
Symposium on Concrete Face Rockfil Dams: Design,
Construction, and Performance. Detroit, Mich. October
1985. American Society of Civil Engineers (ASCE). New
York. Pp. 1-658.

M. Mapkec ®dunbo, H. ge C. luHTO XapakTepuctuku
KaMEHHO-HabpOCHbIX NNOTUH C GETOHHbIM  3KpaHOM,
nonyyYyeHHble  OnbiTHBIM — nytem //  MexagyHapoaHbli
[ankecT No rugpoaHepreTuke un nnotuHam. 2007. C. 69—
74.

Manoel S., Freitas Jr. Concepts on CFRDs Leakage
Control — Cases and Current Experiences // Inter. Society
for Soil Mechanics and Geotechnical Engineering. 2009.
Vol.3. Issue 9. Pp. 11-18.

Song W, Sun Y, Li L, Wang Y. Reason analysis and
treatment for the 1st phase slab cracking of Shuibuya
CFRD. Journal of Hydroelectric Engineering. 2008.
No. 3(27). Pp. 33-37.

Yifeng Chen, Ran Hu, Wenbo Lu, Dianging Li, Chuangbing
Zhou. Modeling coupled processes of non-steady seepage
flow and non-linear deformation for a concrete-faced rockfill
dam // Computers and Structures. 2011. Vol. 89. Pp. 1333—
1351.

Mokhtar Pour, E., Freitas Jr., M.S. Rehabilitation for high
concrete faced rockfil dam (CFRD): Availability and
vulnerability Dam Maintenance and Rehabilitation I //
Proceedings of the 2nd International Congress on Dam
Maintenance and Rehabilitation. 2011. Pp. 881-887.

De Pinto N.L.S. Very high CFRDs: Behaviour and design
features // International Journal on Hydropower and Dams.
2008. No. 15 (4). Pp. 43-49.

CauHoB M.M. BnusiHne pedopMmMpyemMocTM KamMeHHOMN
HacbiNM Ha HanpsHkEHHO-AeOpMUPOBAHHOE COCTOsIHUE
Xerne3obeToHHOro akpaHa nnotuHbl // BectHuk MICY.

Sainov M.P. Analysis of normal operation of a rockfill dam with combination of seepage-control elements:
reinforced concrete face and a clay-cement-concrete wall. Magazine of Civil Engineering. 2016. No. 4. Pp. 3-9.

doi: 10.5862/MCE.64.1
8



10.

11.

12.

13.

NuxeHepHO-CTPOUTENbHBII sKypHaJ, Ned, 2016

zhelezobetonnogo ekrana plotiny [Impact of Rockfill
Deformation on Stress-Strain State on Dam Reinforced
Concrete Face]. Vestnik MGSU. 2015. No. 3. Pp.69-78.
(rus)

Mirghasemi A.A., Pakzad M., Shadravan B. The world’s
largest cutoff wall at Karkheh dam. Hydropower & Dams.
Issue 2. 2005. Pp.2-6.

Ehrhardt T., Scheid Y., El Tayeb A. Entwurf und
ausfuhrung der steinschuttdamme und der schlitzwand des
Merowe-Projektes. WasserWirtschaft. 2011. No. 101 (1-2).
Pp. 36-42.

Balian S. Cut-off wall construction. International. Water
Power and Dam Construction. 2007. No. 59 (2). Pp. 42-44.

Noll H., Langhagen K., Popp M., Lang T. Ertuchtigung des
Sylvenstein-Staudamms — Planung und Ausfuhrung der
Dichtwand. WasserWirtschaft. 2015. No. 103(5). Pp. 76—
79.

10.

11.

12.

13.

14.

2015. Ne 3. C. 69-78.

Mirghasemi A.A., Pakzad M., Shadravan B. The world’s
largest cutoff wall at Karkheh dam // Hydropower & Dams.
Issue 2. 2005. Pp. 2-6.

Ehrhardt T., Scheid Y. El Tayeb A. Entwurf und
ausfuhrung der steinschuttdamme und der schlitzwand des
Merowe-Projektes // WasserWirtschaft. 2011. No. 101 (1-
2). Pp. 36-42.

Balian S. Cut-off wall construction // International Water
Power and Dam Construction. 2007. No. 59(2). Pp. 42—44.

Noll H., Langhagen K., Popp M., Lang T. Ertuchtigung des
Sylvenstein-Staudamms - Planung und Ausfuhrung der
Dichtwand // WasserWirtschaft. 2015. No. 103(5). Pp. 76—
79.

BapaHoB A.E. M3 onbiTa NpoekTMpoBaHns u cTpoutenbcTBa

FOmarysuHckoro rugpoysna Ha p.Benow // BectHuk MICY.
2006. Ne2. C. 112-122.

14. Baranov A.Ye. Iz opyta proyektirovaniya i stroitelstva 15 CauHos M.IM. MpocTpaHcTBeHHas paGota
Yumaguzinskogo gidrouzla na r.Beloy [The Experience of NPOTUBOMUIETPALIMOHHOV CTeHbI /I WHxeHepHo-
Designing and Building Yumagusinskiy Hydoelectric CTpoUTENbHBIN XypHan. 2015. Ne5(57). C. 20-33.

Complex on the River Belaya]. Vestnik MGSU. 2006. No. 2. 16. P .
. Paguenko B.I'., JlonatuHa M.I'., Hwukonanuyk E.B.,
Pp.112-122. (rus) Pap4yeHko C.B. OnbIT BO3BEAEHUNA

15.

16.

17.

18.

19.

20.

21.

Sainov M.P. Prostranstvennaya rabota protivofiltratsionnoy
steny [3D performance of a seepage control wall in dam
and foundation]. Magazine of Civil Engineering. 2015.
No. 5(57). Pp.20-33. (rus)

Radchenko V.G., Lopatina M.G., Nikolaychuk Ye.V.,
Radchenko S.V. Opyt vozvedeniya protivofiltratsionnykh
ustroystv iz gruntotsementnykh smesey [Experience in
construction of impervious devices from soil-cement
mixtures]. Gidrotekhnicheskoye stroitelstvo. 2012. No. 12.
Pp.46-54. (rus)

Malyshev L.I., Shishov I.N., Kudrin K.P., Bardyukov V.G.
Tekhnicheskiye resheniya i rezultaty pervoocherednykh
rabot po sooruzheniyu protivofiltratsionnoy steny v grunte v
yadre i v osnovanii plotiny Kureyskoy GES [Technical
Solutions and Working Results in the Process of Building
Filtration-proof Wall in the Soil of the Core and Foundation
of Kureyskaya Water Power Plant]. Gidrotekhnicheskoye
stroitelstvo. 2001. No. 3. Pp. 31-36. (rus)

Sainov M.P. Vychislitelnaya programma po raschetu
napryazhenno-deformirovannogo sostoyaniya gruntovykh
plotin: opyt sozdaniya, metodiki i algoritmy [Computer
program for the calculation of the stress-strain state of sail
dams: the experience of creation, techniques and
algorithms]. International Journal for Computational Civil
and Structural Engineering. 2013. No. 9(4). Pp. 208-225.
(rus)

Goldin A.L., Rasskazov L.N. Proyektirovaniye gruntovykh
plotin [Design of earthfill dams]. Moscow. ASV. 2001.
375 p. (rus)

Sainov M.P. Parametry deformiruyemosti
krupnooblomochnykh gruntov v tele gruntovykh plotin
[Deformation Parameters of Macrofragment Soils in Soil
Dams]. Sistem requirements: AdobeAcrobatReader. URL:
http://www.nso-
journal.ru/public/journals/1/issues/2014/02/2_Sainov.pdf
(date of application: 14.03.2016). (rus)

Rasskazov L.N., Radzinskiy A.V., Sainov M.P. Prochnost i
deformiruyemost  glinotsementobetona v slozhnom
napryazhennom sostoyanii [Deformation Parameters of
Macrofragment Soils in Soil Dams]. Gidrotekhnicheskoye
stroitelstvo. 2014. No. 8. Pp. 29-33. (rus)

Mikhail Sainov,

17.

18.

19.

20.

21.

NpoTUBOMUNbTPALMOHHBIX YCTPONUCTB U3 FPYHTOLLEMEHTHbIX
cmeceit. // FT'vpporexHndeckoe cTponTenbcTBo. 2012, Ne12.
C. 46-54.

Manbiwes J1.1., Wuwoe WN.H., KyapuH K.IN., Bapatokos B.I".
TexHW4eckne pelleHus u pesynbTarbl NepBoovepenHbIX
paboT No Coopy>XeHWo NPOTUBOUINLTPALIMOHHON CTEHbI B
rpyHTe B AApe U B OCHOBaHuK nnotuHbl Kyperckon M3C //
M'vopoTtexHunyeckoe cTponTtenscteo. 2001. Ne3. C. 31-36.

CauHoB M.[1. BbluucnutenbHass nporpamma Mo pacyéTty
HanpsiKEHHO-AePOPMUPOBAHHOTO  COCTOSIHUS  TPYHTOBbIX
NMAOTUH: OMbIT CO3[aHWUsl, METOAWKM U anroputmbl //
International Journal for Computational Civil and Structural
Engineering. 2013. No. 9(4). Pp. 208-225.

FonbguH  AJl.,, PacckaszoB JI.H. [poekTtupoBaHue
rPyHTOBbIX MMOTUH. U3a. 2-e, nepepab. n gon. M.: ACB.
2001. 375 c.

CaunHoB M.M. MapameTpbl nedopMmpyeMocTu
KPYNMHOOBMOMOYHBIX TPYHTOB B TEMe TPYHTOBbLIX MIOTUH
[OnekTpoHHbIN pecypc]. Cuctem. TpeboBaHus:
AdobeAcrobatReader. URL: http://lwww.nso-
journal.ru/public/journals/1/issues/2014/02/2_Sainov.pdf
(naTa obpauieHus: 14.03.2016).

Pacckazo J1.H., PapgsuHckun A.B., CawmHoB M.M.
MpoyHoCTb M AedopMUpyeMoCTb FMHOLEMEHTOGETOHA B
CINOXXHOM HanpsikeHHOM cocTosiHuM // TvapoTexHuyeckoe
ctpoutenbcTBo. 2014. Ne 8. C. 29-33.

Muxaun Nemposuy CauHos,
+7(926)6078931; mp_sainov@mail.ru +7(926)6078931; an. nouma: mp_sainov@mail.ru

© CawuHoB M.I., 2016

Cannos M.II. Ananu3 pa®OTOCIIOCOOHOCTH KaMEHHOW IUIOTHHBI ¢ KOMOHMHAIMEH NpOTHBO(MIBTPAIIIOHHBIX

9JIEMEHTOB — KEJIe300€TOHHOTO PKpaHa M TIIMHOIEMEHTOOCTOHHON CTeHBbI // VIH)KeHepHO-CTPONTEIbHBIN KypHAJL.

2016. Ned (64). C. 3-9. .





