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Determination of settlement profiles of foundations composed of weak soils
for railway and road embankments, dams, and levees made of earth
materials

The article is dedicated to the issue of foundation settlements in railway, road, and other embankments, as well as earth dams
and dikes, especially when constructed on weak soils with low deformation modulus. It emphasizes that in such cases,
settlements can be comparable to the height of the embankment, requiring settlement profiles to be considered during design.
A simple iterative algorithm developed by the authors is proposed for calculating settlement profiles and is recommended for
inclusion in the draft Ukrainian State Building Code “Earth Dams. General Requirements.” An example of the algorithm’s
application is provided, demonstrating its advantages over conventional graphical and tabular methods. The algorithm ensures
simplicity, fast convergence, and results consistent with those obtained using the finite element method. Additionally, the study
highlights the limitations of FEM when regulatory guidance on key parameters such as boundary conditions and mesh
configuration is lacking. The authors conclude that their proposed algorithm can be effectively implemented in engineering
practice for the design of embankments and dams on weak soils with a trapezoidal cross-section.
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Introduction

The determination of settlements of foundations for
railway, highway, and other embankments, as well as
for earth dams and levees during their design,
construction, and operation is a mandatory
procedure [1, 2].

If the foundation consists of soils with a low modulus
of overall deformation (such as silts, peats, peaty soils,
and similar types), it is necessary not only to determine
the average settlement and differential settlement (as is
typically done for conventional foundations), but also
to determine the settlement profiles. This requirement
arises because, in such cases, the settlement values can
be of the same order of magnitude as the height of the
embankment, dam, or levee. Therefore, when
calculating the volume of earth material required for

constructing such structures, these settlements must be
taken into account. Accordingly, it becomes necessary
to construct settlement profiles both within the
embankment body and beyond its boundaries [1, 2, 3,
4,5].

This article presents an example of the application of
an algorithm we developed for the Ukrainian State
Building Code (DSTU XXXX:202X "Earth Dams.
General Requirements") to calculate settlement profiles
of railway, highway, and other embankments, as well
as earth dams and levees [6]. The theoretical
background of the settlement calculation algorithm
presented in [6] is described in detail in works [7] and

[8].
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Methods.

Theoretical investigation of geomechanical processes
using analytical and numerical mathematical methods.
Analysis and generalization of the results of theoretical
studies.

Results.

A simple algorithm has been developed to determine
the required volume of material for the construction of
embankments (dams and levees) made of earth
materials when founded on weak soils. The algorithm
is based on a simple iterative process.

Scientific novelty.

It has been shown that a simple iterative process can
be applied to determine the theoretical volume of
material required for the construction of embankments
(dams and levees) made of earth materials.

Practical significance.

The main practical outcome of this study is the
development of a method for calculating the volume of
material required to achieve the design profile of an
embankment (dam or levee) built on weak soils.

Review of achievements in this field.

To determine the settlements of dams (including
those constructed from earth materials), the current
building codes in force in Ukraine use either the
graphical-analytical method (which provides only
approximate results), or a tabular method (in which
settlements can be calculated only along a vertical line
passing either through the center or the corner of a
rectangular area loaded with uniformly distributed
pressure) [1, 2, 3, 4, 5]. These data are clearly
insufficient for constructing the settlement profile of
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the base of an embankment (dam or levee). Therefore,
the algorithm proposed in [6] for calculating the
settlements of embankments and earth dams or levees
is considered in more detail.

The settlement of the foundation of an earth
embankment (dam or levee) along a computational
vertical line S, which passes through a point x; (see

Fig. 1), should be calculated using the formulas
proposed in [6]:

Sj =0.8- Z(i:l)Si (xj );

W(x.,z,)-W(x,,z)(* (6]
Si (-x]') — J J
Ei
where: S ;T is the settlement of the embankment

(dam or levee) base along the computational vertical
located at a horizontal distance x; from the left edge

of the structure (i.e., the origin of coordinates; see
Fig. 1); f=0,8 S,(x;) — is the settlement of the
i-th layer of the foundation with thickness
h, =z, —z, whose top is at depth z, and bottom at

depth z,

i+l

W(x,z) — is the vertical displacement of
the foundation at point with coordinates x (horizontal)
and z (vertical); W(x;,z,) maW(x;,z,,)
respectively, the displacements at the top and bottom
of the i-th soil layer in the foundation with

— are,

deformation modulus £, .

The displacement of the foundation W (x,z) at the

calculation depth z should be determined using
formulas specified in Eq. 1.
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Figure 1 — Scheme for Determining the Settlements of the Foundation of an Earth Dam (Embankment or Dike): if
the distance xj < 0 or x; > b, then the calculated vertical lies outside the base of the dam (embankment or dike);
E1..n; y1..n— deformation moduli and densities of the 1 to n soil layers, respectively.

The additional vertical stresses at the foundation from
the dam (embankment or dike) weight o.,(z), required
to determine the lower boundary of the compressible
stratum along the calculated vertical at position x; ,
should be determined using the following expression:

RN ALEN
T 2(b-b)

x b-arctan(ij—bl-arctan b ,
2z 2z

where: d,,h,b,b; and L, are the geometric parameters
of the dam (embankment or dike) as shown in
Figure 1; 9. is the wunit weight of the dam
(embankment or dike) material; if the calculated
depth z=0, then in formulas (2) and (3), use
z=0.0001 m.
Egs. (1), (2) and (3) allow determining settlements of
the foundation both within and beyond the base of a
homogeneous dam (embankment or dike, see Figure 1).

3

Settlement Calculation Procedure

1. Determine the Design Location of the
Calculation Vertical Line — usually specified in the
design brief. The calculation vertical can be located
either within or beyond the dam base.

2. Calculate the Foundation Settlement S; at the
vertical position x; using Eqgs. (1) and (2).

3. Determine the Depth of the Compressible
Layer Hy;, which satisfies the condition:

O-zr(o’ Hvt) = k : O-zq('xj’ Hvt )’ (4)
where: £=0.2 for b<5m; k=0.5 for 5>20 m; for

5<b<20 m, use linear interpolation. o.,(0, Hy) — the

additional vertical stress from the dam weight (use Eq.
3); 0:4(0, Hy) — the vertical stress from soil weight,

calculated as:

o, (O0H)=y"d+> . 7h;

) 5)
Hy=d+Y" h

where: y" denotes the density of the soil located above

the base of the dam (embankment or levee); y; and 4;

represent, respectively, the density and thickness of the

i-th soil layer; d, — see explanation in Figure 1.

4. If the point at which the stresses from the self-
weight of the soil are calculated is located below the
groundwater level, then instead of y;, the density of the
soil in a submerged state should be adopted. This
density is determined according to the expression:

}/s,i_yw
l+e

i

Vb, i = (6)

where: y;; is the density of soil particles; y, is the
density of water; ¢; is the soil porosity ratio; i — denotes
the number of the elementary soil layer.

Features of Settlement Calculation for Dike
Foundations Composed of Weak Soils

1. When calculating settlements of foundations
composed of weak soils, it is recommended to take into
account the fact that the settlements may be of the same
order of magnitude as the dimensions of the dike. In
addition, it is necessary to consider the significant
nonlinearity of the deformation and strength properties
of the foundation under external loading.
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2. The task of the calculation is to determine such a
filling contour that, when settlements of the foundation
are considered, the dike contour coincides with the
design one.

3. For calculation purposes, it is recommended to
adopt the standard values of the deformation properties
of the foundation soil.

4. The computational domain should be defined as
follows: vertically, down to the lower boundary of the
compressed stratum, which should be determined either
according to the requirements of the recommended
Annex D of DBN V.2.1-10, or to the upper boundary of
the rigid underlying soil (e.g., rock or coarse-grained
deposits); horizontally —5-b, where b is the dike width.

The calculation is recommended to be performed
using the method of successive approximations
(iterations) in the following sequence:

5.1. First, the load on the foundation from the dike
with design dimensions is determined.

5.2. Then, using formulas (1)...(5), the settlements of
the foundation are calculated.

5.3. If the settlements exceed the design value, the
calculated settlement values are added to the
coordinates of the design contour.

12

5.4. The load on the foundation from the dike with the
contour established according to Step 3 is determined,
and settlements are recalculated in the second
approximation.

5.5. The process is repeated until the filling contour,
adjusted for foundation settlements, does not differ
from the design contour by more than a predetermined
value (this parameter should be specified in the project
technical assignment).

To illustrate the application of the proposed
settlement calculation algorithm, the filling contour
for the dike shown in Fig. 2 was determined with
consideration of soil foundation settlements. The
properties of the soil layers underlying the dam are
presented in Table 1. The groundwater level is located
at a depth of 2 m. The unit weight of the dam body is
v = 18 kN/m?. The soil foundation consists of weak soil
underlain by bedrock. All further calculations were
performed using the “MAPLE-2021" software
package, which is freely available.

An identical example was also considered by the
authors of study [9].

y/

o

A

Figure 2 — Computational scheme of the dam

In the first approximation, the load on the foundation
was assumed to correspond to row 1 in Fig. 3. This load
results in settlements (Fig. 4, row 1) and the dam profile
shown in Fig. 5 (row 1). The volume of material
required for the construction of 1 linear meter of the

28 =60,

embankment amounts:

In the second approximation, the load on the
foundation was assumed to correspond to row 2 in

Figure 3. This load results in settlements (Fig. 4, row 2)
and the dam profile shown in Figure 5 (row 2). The
volume of material required for the construction of 1
linear meter of the embankment amounts:
6+28

-4,85-1=72,75M".
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Table 1 — Properties of soil layers of the dam base

Distance . Density . Density . Modulus of
Soil . Soil Porosity
. from the . of soil . of dry . total
Soil name moisture, . density, . coefficient, .
surface, o particles, N/ soil, u deformation,
m ° KN/m® kN/m® p-u. kPa
Low-moisture 0-2 55 16,30 8,57 13,29 0,901 330
peat
Organomineral 2-6 62 15,5 7,95 12,87 0,951 500
sapropel
3 Clay silt 6-10 57 2,55 16,01 25,13 0,593 3600
Rock Unlimited 0-2 - 27,2 - - 78-10°
3.4
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Figure 3 — Loading on the dam foundation.
Row 1 - load assumed in the first approximation; Row 2 — the same, in the second approximation;
Row 3 — the same, in the third approximation; Row 4 — the same, in the fourth approximation.
Note: rows 3 and 4 coincide.

Distance from the left edge of the dam, meters

0 110 20 30

L 1

Subsidence, meters
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Figure 4 — Settlements of the dam foundation:
Row 1 — settlement calculated in the first approximation; Row 2 — the same, in the second approximation;
Row 3 — the same, in the third approximation; Row 4 — the same, in the fourth approximation.
Note: rows 3 and 4 coincide.
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Figure 5 — Settlements of the dam foundation:
Row 1 — settlement calculated in the first approximation; Row 2 — the same, in the second approximation;
Row 3 — the same, in the third approximation; Row 4 — the same, in the fourth approximation.
Note: rows 3 and 4 coincide.

In the third approximation, the foundation loading
corresponding to row 3 in Figure 3 was adopted. This
loading corresponds to the settlements (Fig. 4, row 3)
and the dam contour shown in Fig. 5 (row 3). The
volume of material required for the construction of 1
linear meter of the dam is equal to 76.05 m>.

In the fourth approximation, the foundation loading
corresponding to row 4 in Figure 3 was adopted. This
loading corresponds to the settlements (Fig. 4, row 4)
and the dam contour presented in Fig. 5 (row 4). The
volume of material required for the construction of 1
linear meter of the dam is equal to 76.20 m>.

Thus, the volumes of material required for the
construction of one linear meter of the dam, calculated
in the third and fourth approximations, differ by only
0.2%. This result should be considered satisfactory and
entirely acceptable for further development of the
technical part of the dam construction project.

Moreover, according to the obtained calculation
results, in order to ensure the design profile of the dam,
it is necessary to use 76.20 m? of soil instead of 60 m?
(the latter figure was obtained without accounting for
foundation settlements). The difference between these
values is 27%. This result is fully suitable for further
development of the organizational-technological,
economic, and cost-estimation parts of the dam
construction project.

Conclusions
The research results presented in this paper allow us
to draw the following conclusions:

1. Using a specific example, it has been
demonstrated that the proposed algorithm for
calculating the settlement profiles of railway,
highway, and other embankments, as well as earth

dams with a trapezoidal cross-section, is
sufficiently simple and convenient to apply.
Therefore, it can undoubtedly be incorporated into
the Ukrainian State Standards (DSTU XXXX:202X
“Earth Dams. General Requirements”).

2. It has been shown that the proposed algorithm
for calculating dam and embankment settlements on
weak soil foundations, which is based on an
iterative process, is both straightforward to use and
exhibits rapid convergence.

3. The obtained results show good agreement
with the data presented in [9], which were derived
when solving an identical problem using the finite
element method [10]. However, the data obtained
by the authors of [9] compared to those in the
present study have the following drawbacks:

3.1. The calculated settlement profiles, load
distributions, and dam profiles appear not as
continuous but as broken lines (a drawback
inherently associated with the finite element
method).

3.2. The current regulatory documents in force in
Ukraine provide no answers to several critical
questions arising when applying the finite element
method to the calculation of settlements of earth
dams and embankments [10]:

3.2.1. What should be the dimensions of the
computational foundation domain?

3.2.2. What should be the boundary conditions for
the computational foundation domain?

3.2.3. What should be the dimensions and
configuration of the finite elements?

All of the above allows us to conclude that the
algorithms  for  determining  settlements  of
embankments and dams made of soil materials
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proposed in this study can be widely applied in the
design of embankments and dams with trapezoidal
cross-sections.
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Busznavennsi npogijiiB ociiaHb CKJIaIeHUX CJIA0KHUMH IPYHTAMM OCHOB
3aJIi3HMYHUX TA ABTOJOPOKHIX HACHUIIIB, rpedeJib i 1aMO0 i3 IPYHTOBHX
MarepiaJiB

CrarTs npHcBsiueHa npoOieMi BU3HAUCHHS OCiaHb OCHOBH 3aJ1i3HUYHHX, aBTOJJOPOXKHIX Ta HIINX HACHIIIB, a TAKOXK rpebenb
i 1am0 i3 IPYHTOBUX MaTepialliB, 0cOOIMBO IpH OyIIBHUITBI Ha CIAaOKUX IPyHTaxX. Y TaKUX BUIAAKAX OCIaHHSI MOXYTh OyTH
CMiBMIpHUMH 3 BHCOTOIO HACHIy, L0 MOTPeOy€e HE JIMIIE OLIHKH CEpeJHBOr0 OCiNaHHsi, a i moOyI0BU MOBHOTO MPOdisro
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OCITaHHS y MeXax CIOpyIH Ta 3a i Mexamu. ¥ poOoTi mpoaHanizoBaHO 0OMeXEHHs TPaAULiHHAX METOMIB, IependadeHnx
YUHHUMH OyIiBeJIbHUMHU HOPMaMH, 30KpeMa rpadoaHaliTHYHOTO i TabIIMYHOTO, SIKi He 3a0e3MeUyI0Th JO0CTaTHHOT TOYHOCTI.
s ycyHeHHsS LMX HENOJIKiB 3alpOIOHOBAHO MPOCTUH iTepallifHUIl aJrOpUTM PO3paxyHKY MpoQiliB ocifaHb. AITOPUTM
0a3yeTbcsl Ha TOCTATHOMY HAOMMKEHHI Ta Ja€ 3MOTY PO3PAaxOBYBAaTH OCiaHHA OCHOB il HACHIIaMH 3 TpaneLeifalbHUM
nepepizoM. 3alpolOHOBAHUH MiAXiA AEMOHCTPYe N0Opy 30LKHICTD PE3yNbTaTiB 3 pO3paxyHKaMH, BUKOHAHUMU METOIIOM
CKIHYEHHHX €JIEMEHTIB, ajie IIpH IIboMYy He Ma€ HOTro HEeJONIKIB — TAaKUX SIK JJaMaHICTh Mpodito Ta moTpeda B ACTaTiI30BaHIX
TPaHNYHHUX YMOBAX. Y CTaTTi TaKOX 0OIPYHTOBAHO JOLLIBHICTH BKIFOUEHHS FOTO aJrOpUTMY 110 IpoekTy HoBux JICTY mono
MPOEKTYBaHHs Tpedeb 3 IPYHTOBUX MarepianiB. OTpUMaHi pe3ybTaTH MOXKYTh OyTH BHKOPHCTAHI B IH)KCHEPHIH MPaKTHIL
JUISL TIJIBUIIEHHS TOYHOCTI PO3paxyHKiB 00’eMiB Matepiaxy Ta (GopMyBaHHS IIPOEKTHOTO Mpo(dimio HacHUIiB i rpedess Ha
CIIaOKHX IPYHTaX.

KunrouoBi ciioBa: rpyHTOBI rpedui, 1aMOH, OCiTaHHA OCHOBH, JOBTHH HACHIIL, TpamenienoaiOHa ¢popma Haculy, ciaOki IpYHTH,
iocka aedopmarlis, ITHOMHA CTUCHEHHS IPYHTY, MPOdiib OCiaHHs;, 00CsAT MaTepiaty A1 HACHITY Ha CTaOKHUX IPYHTaX.
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