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Results of Field Observations of Settlements of Large Hydraulic 

Structures

Résultats des Observations sur Chantier du Tassement de Grandes Constructions Hydrauliques

by A. A. N i c h i p o r o v i c h , Professor Dr., Chief of the Laboratory of Hydraulic Structures, Ail-Union Scientific Research 
Institute ‘Vodgeo’, U.S.S.R.

Sum m ary

The report deals with da ta  obtained from  actual observations on 
settlements o f  16 large hydraulic structures (dams, pow er houses and 
locks). T he structures are  underlain by alluvial clayey soils, glacial 
clayey soils, Jurassic, Perm otriassic and  D evonian clays. The 
periods o f  settlem ent observations lasted from  5 to  20 years. The 
report gives the analysis o f  final settlements o f  structures; o f  tilting 
of différent sections; o f  variations in obliquity during construction 
and exploitation; and o f variation o f settlem ents with time.

On the basis o f analysis and com parison o f actual data  w ith the 
results o f theoretical com putations the rep o rt gives: the values of 
elasticity m odulus o f  foundation  soils estim ated from  the final settle
ments; recom m endations fo r determ ining design loads, taking into 
account the depth o f excavation, and fo r establishing the zones o f 
swelling under the structure; and an  approxim ate relationship 
permitting the déterm ination o f the variations o f settlements with 
time.

Results of Actual Observations of Settlements of Large Hydraulic 

Structures

During the last 15 to 20 years many large hydraulic structures 
have been built on the rivers of the U.S.S.R.; the Volga, the 
Dnieper, the Swir; on the Moscow canal and on the Volga-Don 
canal. Many of these structures are underlain by cohesive and 
compressible soils.

In the process of construction différent devices (piezometers, 
bench-marks, etc.) were incorporated into the structures for the 
measurement of seepage forces, stresses, and latéral and vertical 
deformations.

This report deals with the analysis of the observed results 
obtained only from the vertical settlement deformations of the 
16 structures. The settlement observations were made by 
différent organizations ; the treatment and the analysis of data 
were performed by a group of workers of the Hydraulic Struc
tures Laboratory of the Ail-Union Scientific Research Institute 
‘Vodgeo’.

Brief Characteristics of Foundation Soils and Structures

The list of structures with data on their settlement and their 
brief characteristics are given in Table 1. The base width of 
dams and power houses and of locks is 20 to 14 m.

In the longitudinal direction, the structures, the length of 
some of which reach several hundred m, are divided into 
sections 20 to 60 m in length. Ail the structures considered are 
mass concrete, hollow concrete or reinforced concrete con
structions of 25 to 30 m total height, taking into account the 
thickness of foundation plates of 5 m and more. Two dams 
(D and D4) are founded on piles. The thickness of compress
ible material under the base of structures varied between h >  B 
and h <  B, where B  is the width of foundation.

Sommaire

Le rap p o rt contient des données sur les affaissements de 16 ouvrages 
hydrotechniques im portants (barrages, électrocentrales e t écluses), 
données basées su r des observations faites sur place du ran t une 
période varian t de 5 à  20 ans.

Ces ouvrages reposent su r des alluvions argileux, des m oraines 
argileuses, des glaises jurassiques, perm otriassiques e t dévoniennes.

Le rap p o rt analyse l’affaissement final des ouvrages, l’inclinaison 
de certaines sections, les variations de ces inclinaisons duran t la cons
truction  e t l’exploitation, ainsi que la variation des affaissements en 
fonction du  facteur temps. D ans le rap p o rt on po u rra  trouver la 
valeur des m odules de déform ation des sols de fondations calculés 
d ’après l’affaissement final, des recom m andations perm ettant de 
déterm iner la  valeur des charges admissibles en fonction de la p ro 
fondeur des excavations ainsi que les zones de gonflement des sols 
sous les fondations. O n po u rra  de même trouver une relation 
approxim ative perm ettant de déterm iner les variations des affaisse
m ents avec le tem ps. T outes ces données résultent de l’analyse e t de 
la confron tation  des données obtenues sur place avec les résultats de 
calculs théoriques.

The main compressible materials were alluvial and glacial 
clayey soils and Jurassic, Permotriassic and Devonian 
clays.

The dry density (ys) of ail these soils, apart from the alluvial 
clayey soils, is 1 -6 to 2-21 t/m3, their moisture content ((V) close 
to or somewhat lower than the plastic limit, the factor of satura
tion (G) close to 1 -0 and the void ratio (e) 0-30 to 1 -0.

Single tests made by punches in excavations and pits at 
différent sites showed that the modulus of elasticity (E) of 
glacial clayey soils and Permotriassic clays is about the same 
and does not exceed 150 to 160 kg/cm2.

The depth of excavations for the structures (hexc ) was 
approximately 10 to 35 m which corresponded to the pressure 
due to the weight of soil (P exc.) up to 3 -0 kg/cm2 at foundation 
level.

To the end of the construction period the load on the base of 
structure (P COnsir.) varied for différent structures from 1 -5 to 5-0 
kg/cm2. The time of load increasing (the construction period) 
was equal to 1 to 3 years. In the process of filling the reservoir 
and when the seepage forces and uplift pressure appeared, 
pressure on the base (Pworking) decreased in some cases more 
than 25 per cent, and did not exceed 3-0 kg/cm2.

The uplift pressure changed also with the variations of water 
level on the upstream and downstream sides, but these varia
tions were temporary and did not exceed 5 to 10 per cent of the 
total pressure on the base.

The eccentricity of application of the load (equal to pressure 
ratio on the upstream and the downstream sides) increased 
during the period when the water level was rising in the 
reservoir, varying in some cases from 1 -1 to 1 -5.
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Table

Détails o f  
structures Foundation

soils
Sec
tions

Width o f  
section 

(foundation) 
m

Depth o f  
excavation 

m

Loads kg/cm2 Period o f  
observations

Total
settlement

in
cmCommort Object Pconstruct. Pworking Pexcavation

(in years)

1 2 3 4 5 6 1 8 9 10 11

D1 Glacial clayey soils—14 m 1 43-85 12-5 4-30 __ 2-83 16-0 13-90
Sands—12 m 2 43-85 12-5 3-43 1-65 2-01 16-0 11-50
Jurassic clays—13 m 3 43-85 12-5 3-43 1 -65 2-01 16-0 10-80
Further limestone 4 43-85 12-5 3-43 1 -65 2-01 16-0 8-70

D2 Glacial clayey soils—12 m 1 47-55 15-0 2-50 1-25 1-65 16-0 9-60
Sands— 12 m 2 47-55 15-0 2-50 1-25 1-65- 16-0 8-30
Jurassic clays— 13 m 3 47-55 15-0 2-50 1-25 1-65 16-0 8-70

4 47-55 15-0 2-50 1-40 1 -65 16-0 9-80

D3 Jurassic clays— 10 m 1 24-25 4-0 3-03 2-33 0-34 10-5 2-50
2 24-25 4-0 2-38 2-33 0-34 10-5 2-00
3 24-25 6-0 2-70 2-33 0-51 10-5 2-02
4 24-25 6-0 2-70 2-33 0-51 10-5 2-00

§ D4 Jurassic clays—4 m 1 20-75 — 2-70 2-13 __ 10-0 5-00
Further sands 2 20-75 — 2-70 2-13 — 10-0 4-50

3 20-75 4-0 2-70 2-13 0-24 10-0 4-50
4 20-75 4-0 2-70 2-13 0-24 10-0 4-00

& 5 20-75 — 2-70 2-13 10-0 4-4
«
çj

6 20-75 — 2-70 213 — 10-0 5-4

D5 Alluvial clayey soils—6-6 m 1 39-50 8-0 3-50 — 0-50 10-0 2-05

D6 Glacial clayey soils—33 m 1 50-00 5-0 2-24 1 -97 0-50 9-0 7-5
Further Jurassic clays 2 50-00 6-5 2-24 1 -97 0-65 9-0 6-5

3 50-00 15-5 2-24 1-97 1-55 9-0 6-0
5 50-00 15-5 2-24 1-97 1-55 9-0 6-3
7 50-00 15-5 2-24 1-97 2-80 9-0 7-8

D7 Permotriassic clays— 100 m 1 50-00 10-0 5-00 4-43 1-00 110 31-8
2 50-00 — 5-00 4-43 1-00 110 33-2
3 50-00 10-0 5-00 4-43 1-00 110 34-4
4 50 00 10-0 5-00 4-43 1-00 11-0 39-0

D8 Devonian clay— 150 m 1 50-00 8-0 2-30 1-56 0-90 20-00 19-9
2 33-00 5-0 2-86 2-09 0-67 20-00 20-9

PHI Glacial clayey soils—8 m 1 68-00 20-00 4-17 2-55 200 _. 8-6
Sands— 12 m
Jurassic clays— 10 m 2 0 11 4-17 2-55 2-00 — 9-8

5 PH2 Glacial clayey soils—19 m 1 73-00 28-00 4-97 2-99 2-80 __ 12-1
a Further Jurassic clays 2 73-00 15-00 — — — — 9-2

Glacial clayey soils—30 m

PH3 Permotriassic clays—100 m I 84-00 30-00 5-00 3-85 3-50 110 18-9
a. 2 84-00 30-00 5-00 3-85 3-50 110 16-2

3 84-00 30-00 5-00 3-85 3-50 11-0 18-8
4 84 00 19-00 — — 2-40 11-0 20-4

PH4 Devonian clays 1 57-00 14-00 14-00 4-05 2-35 5-0 ?1 '2

L1 Glacial clayey soils— 10 m UH* 66-00 2000 3-50 __ 2-00 11-0 15-5
Sands—20 m 4 40-00 20-00 2-00 — 2-00 110 9-2
Further limestone 12 40-00 20-00 2-00 — 2-00 110 9-0

D H t 56-40 23-5 2-70 — 2-35 11-0 9-0

L2 Glacial clayey soils—20 m UH* 58-50 13-50 2-74 __ 1-35 8-00 5-8
5 40-6 14-00 1-56 — 1 -35 8-00 4-8

Sands—27 m 9 40-6 14-00 1 -56 — 1 -35 10-00 4-3
Jurassic clays—5 m 13 40-6 14-00 1 -56 — 1 -35 10-00 4-3

««î Further limestone D H t 56-40 19-40 2-28 — 1-94 8-00 4-2

3 L3 Jurassic clays from 2 to 16 m UH* 56-00 10-00 3-40 __ 1-02 11-0 22-3
1 39-40 8-40 1-57 — 0-86 11-0 10-4

Further limestone 4 39-40 10-5 1-60 — 1-07 11-0 6-6
12 39-40 16-4 1 50 — 1 -67 110 4-9

MHJ 60-00 25-0 3-78 — 2-55 11-0 8-7
D H t 55-40 14-2 2-34 — 1 -45 X1-0 18-0

L4 Devonian clay UH* __ __ __ __ __ 5-00 19-9
D H t - 17-0 5-0 1-8 3-1 2-4 3-58 5-00 20-9

Legend signs: * =  upstream head; t  =  downstream head; î  =  middle head 

Note: The table gives the data o f  seulement observations not for ali sections

Settlement Data Observed on Actual Structures

The settlement observations were conducted by means of 
bench-marks incorporated in ail four corners of each structure 
section during construction. Thus the observations were made 
in 95 sections or in 380 points of the 16 structures. The

observations were made on différent structures during 5 to 20 
years.

The analysis of field data obtained from settlement observa
tions of individual marks, sections and complété structures 
enabled the following to be determined :
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(a) The values of final settlements (Sœ) in those cases =  tilting towards the upstream side, — =  tilting t
where the settlement practically ceased. the downstream side; and also the variations of tilting with

(b) The value of tilting (obliquity) of individual sections time.

given by ±  AS  =  S u — Sd, where : S u =  settlement on the (c) The nature of settlement variations with time
upstream side, S j  =  settlement on the downstream side, +  AS  ±  AS  =  f(t).

(c)

E 2 20  

210 

200 

•S 190

m n i
2

1 - Dense clay 2 -A s s e m b ly  area

Fig. 1 Settlem ent observations on Pow erhouse (PH 3); (a) cross-section, (b) longitudinal section, (c) load- 
settlem ent curves, (d) final settlements

O bservations su r le tassem ent d ’une centrale électrique (PH 3); (a) C oupe transversale, (b) C oupe 
longitudinale, (c) courbes de tassem ent en fonction de la charge, (d) tassem ent final

1-Dense clay 2 -In la k e  3 -E a rth  dam

Fig. 2 Settlement observations on D am  (D 7); (a) cross-section, (b) longitudinal section, (c) load-settlem ent curves, 
(d) final settlements

O bservations sur le tassem ent d ’un barrage (D 7); (a) coupe transversale, (b) coupe longitudinale, (c) 
courbes de tassem ent en fonction de la charge, (d) tassem ent final
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The Table gives the values of total (mean for each section) 
settlements during the whole period of structure observations, 
from which it is seen that they varied from 2 0 to 39-0 cm.

According to the data from field measurements, the values 
of tilting for single sections did not exceed 40 cm, with an in
clination of foundation base not more than 0 degree 5 minutes.

The différence between settlements of adjacent sections with 
equal pressures on the foundation did not exceed 5 cm (D7 and 
D l).

The différence between settlements of two adjacent sections 
with différent pressures (dam section—power house, or lock 
head and section) varied between 4-3 and 1 -9 cm.

Time-settlement curves showed that the settlements of many 
structures have already ceased, except PH3 and PH4 in which 
settlements are still taking place, though not to a great extent. 
These curves show that the principal settlements of structures 
(65 to 85 per cent of total) take place during their construction.

Figs. 1 and 2 give as examples the final settlements of in- 
dividual sections for PH3 and D7 and also time-settlement 
variations during the period of 11 to 13 years of observations.

Analysis of Observed Data

The analysis of the field data was a long laborious task, 
requiring much time and effort. Considérable difficulties in 
the analysis of field data were due to incompleteness and lack 
of uniformity of initial materials obtained during the time of 
geological exploration, before the beginning of construction. 
However, the conclusions obtained as a resuit of analysing the 
field materials are of great interest.

The analysis of final settlements (Sœ) has shown that the 
value of final settlements is mostly due to swelling of soils in 
the structure foundation during the opening of the excavation, 
and in several cases the value (Sœ) is determined by the size 
and the depth of the swelling zone (hsw ). In this connection, 
when estimating the settlements it would be misleading to 
recommend taking into account the weight of soil Pexc that is 
removed during the excavation. According to this recom
mendation it is possible to determine the estimated load only 
for the zone of compression {hcompr) ,  but the détermination of 
settlement due to the consolidation of the zone of swelling 
should be made at a load equal to (Pcons, .) without excluding 
the value (Pexc.)• This is confirmed by the settlement data of 
several structures investigated for which the value Pcomp. =  

Pconst. ~  Pexc. was negative, and in spite of this the settlement 
took place.

For determining the zone of swelling (hsw ) we recommend 
using the horizontal section of compression curves when the 
swelling of the sample is impossible (Psw,) and we propose to 
call it ‘the swelling capacity’, and determine the zone of swelling 
according to the équation

p
r  __ x m. s w.

" s w■ ~  y

P m . s w .  =  mean value of swelling capacity in t/m2, y =  bulk 
density in the zone of swelling in t/m3.

Using the value of Pm.sw it is not difficult to determine the 
zone of swelling, also the zone of compression.

This recommendation was confirmed at one of the sites, 
where the observations of the swelling of soil below the struc-
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Fig. 3 V ariation o f tilting w ith tim e; (a) Dam  
(D7), (b) Pow erhouse (PH3), (1 to  8 
tilting on two datum  m arks fo r each 
section)

V ariation du basculem ent en fonction 
du tem ps; (a) Barrage (D7), (b) 
C entrale électrique (PH 3), (1 en 8 
basculem ents p o u r deux points de 
m esure pour chaque section)

(b )
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ture foundation were made during the opening of the excava
tion ( N ic h ip o r o v ic h ,  1955). The data on final settlements are 
used for computing the average modulus of soil elasticity of the 
compressible soil layers according to the following formula, 
given by E g o r o v  (1949).

„ PcompB{\ ~  H2)-K
•ico ------------------£

where PCOmP. = load on the base in kg/cm2 (taking into account 
the above-mentioned considérations), B  =  width of foundation 
plate in cm, E  =  modulus of elasticity in kg/cm2, /x =  Poisson’s 
coefficient which is equal to 0-3, K  =  dimensionless function 
depending on the ratio of the width of the foundation to the 
thickness of the compressible soil layer.

Mean values of E  obtained from the given équation with the 
available values of S œ, B, and /a were found to be equal to 385 
for glacial clayey soils, i.e. considerably higher than those 
obtained in the above-mentioned process of investigations by 
the trial load method and by compression curves. For 
Jurassic clays and alluvial clayey soils the values were found to 
average 125 and 95 kg/cm2 respectively.

In analysing the tilting (obliquity) of individual sections, of 
spécial interest was the change of tilting with time (Fig. 3).

For almost ail structures the curves ±  AS  = f( t)  have shown 
that in the first period of construction the tilting increases both 
towards the downstream and the upstream sides ; then, as the 
structure rises, the tilting begins to be stabilized, and in the 
process of filling the reservoir, the tilting increases towards the 
upstream side in spite of the fact that the eccentricity of applying 
the load increases towards the downstream side. The increase 
of tilting ceases with the slowing down of the général settlement 
of the structure. Our explanation for this very interesting fact 
is that during the process of filling the reservoir, the load from 
the upstream side on the apron (which is present in almost ail 
of the structures) is considerably increased, thereby causing the 
tilting of the structure also towards the upstream side.

While analysing the variations of settlements with time, it 
was found that the real observed slowing down of settlements 
under field conditions occurs considerably quicker than that 
estimated theoretically using the theory of consolidation 
developed by several scientists (Terzaghi, Garsevanov, Florin 
and others). An attempt to select a curve of settlement with 
time more accurately reproducing the field data led to the 
following relationship :

St =  SJiX -  e~dl)

24
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Fig. 4 Relationship of coefficient, d, with the ratio of the thickness of compressive soil layers, h, to 
the width of the structure, B 

Relation entre le coefficient d, et le rapport entre l’epaisseur de la couche de terre compres
sible et la largeur de la construction B
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Fig. 5 Comparison of observed and computed settlements ; (a) Dam (L8, section 7), (b) Dam (D7, section 3),
(c) Dam (D5), (d) Powerhouse (PH3, section 2)

Comparaison entre les tassements observés et calculés; (a) Barrage (L8—section 7), (b) Barrage (D7— 
section 3), (c) Barrage (D5), (d) Central électrique (PH3—section 2)
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where S, =  settlement during a time t, t =  time of settlement 
in years, e =  base of natural logarithms, S œ =  final settlements 
in cm, d  =  coefficient (1/year).

As is known, this équation is a consolidation équation for a 
one-dimensional problem where d  depends on the thickness of 
compressible soil layer, the compressibility and the permeability 
of foundation soils.

Computations of the coefficient d  according to the theory of 
consolidation and to the field data showed the sharp différence 
between them. According to the theory the value of d  for 
différent objects varied from 1 -38 to 203-0, and according to 
the field observations the value of d  varied in the range of 0-35 
to 2-2. The analysis of the value d  showed its rather good 
relation to the ratio of the thickness of compressible soil layers 
h  to the width of the structure (B ) (Fig. 4). For one-dimen
sional problems (h/B =  0-1-0-25) the value increases, and for 
two-dimensional problems (h/B >  0-5) the value practically 
remains constant and equal to 0-40-0-45.

Fig. 5 shows the curves S, =  /( /)  according to the field- 
measurements and those computed according to the above- 
mentioned relationship for four structures. A rather good 
similarity is shown by their comparison.

Conclusions

(1) Field data on final settlements of a great many structures 
under différent geological conditions of foundation, conducted 
for long periods (up to 20 years), have revealed several essential

factors important for the design of analogous structures in 
future.

(2) The analysis of final settlements showed that the modulus 
of elasticity obtained in the investigation of ground foundations 
by the trial loads method or by means of compression curves 
was too low.

This analysis showed that it was necessary, for the computa
tion of settlements, to take into account the swelling of soils 
under the bases during the opening of the excavation and 
showed the necessity of working out a method of identifying 
the zone of swelling and of developing the method of deter- 
mining the zone of compression.

(3) The analysis of tilting showed that in hydraulic structures 
there is a tendency for tilting to increase towards the upstream 
side, although the rising head of water causes increased 
eccentricity of loading towards the downstream side.

(4) The analysis of settlements with time showed a great 
différence between the field data and the results of theoretical 
computations and the pressing necessity of further investi
gations in this field.
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