Verification Manual no. 1
Update 02/2016

Verification Analysis of the Gravity Wall

Program: Gravity Wall
File: Demo_vm_en_01.gtz

In this verification manual you will find hand-made verification analysis calculations of gravity
wall in permanent and seismic design situations. The results of the hand-made calculations are
compared with the results from the GEO5 — Gravity Wall program.

Terms of Reference:

In Figure 1, an example of a gravity wall with inclined footing bottom in 1:10 inclination is
shown. The earth body is comprised of two soil layers and the terrain is adjusted in 1:10 inclination.
The top layer of the earth body (depth 1.5 m) is formed of sandy silt (MS). The lower layer of the earth
body is formed of clayey sand (SC), which is at the front face of the wall too. The groundwater table is
in the depth of 1.5 m behind the wall and 3.7 m in front of the wall. The properties of soils (effective
values) are in Table 1. The gravity wall is made from plain concrete C20/25 with unit weight y = 23

kN/m?3. A verification analysis of the wall is performed with the help of the theory of limit states.
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Figure 1 Construction of gravity wall — dimensions



Angle of .
o Saturated unit N Cohesion of A"Tgl? of Poisson’s
_ Unit weight ) internal i friction .

Soil ¥ [KN/m?] weight friction soi struc <ol ratio
kN/m3 . C.; [kPa - -

7/sat[ / ] (oef[] ef[ ] 5[0] V[]

MS 18.00 20.00 26.50 12.00 15.00 0.35
SC 18.50 20.50 27.00 8.00 15.00 0.35

Table 1 Soil properties — characteristic effective values

The angle of friction and cohesion enter the first phase of the calculation as design values and
that’s why the soil parameters from Table 1 are reduced with coefficients y,,, =1.1 and y,,; =1.4.The

design values used in calculation are in Table 2.

So Angle of internal friction Cohesion of soil Angle of friction struc.-soil
> 2Ty Cer a [kPa] 8411

MS 24.091 8.571 13.636

SC 24.545 5.714 13.636

Table 2 Soil properties — design values

1. The First Stage- Permanent Design Situation

Verification of the Whole Wall

Calculation of the weight force and the centroid of the wall. The wall is divided into 5 parts,
which are shown in Figure 1. Parts 4 and 5 are under the groundwater table, therefore the unit weight
of concrete is reduced by the unit weight of water y,, = 10 kN/m?>. Table 3 shows the dimensions of the

parts of the wall, their weight forces and centroids.

height | width Area | Part weight Weight Point of action
part| h b, A 7 f‘:/\rlce G, -xi | G i
RN GRS B IV B I It
1 [ 3.500 | 0.700 | 2.450 23 56.350 | 1.950 |-2.550 | 109.883 [ -143.693
2 | 3500 0700 | 1.225 23 28.175 | 1.367 [-1.967| 38.506 | -55.411
3 | 0.200 | 2.300 | 0.460 23 10580 | 1.150 [-0.700 | 12.167 | -7.406
4 | 0600 | 2300 | 1.380 13 17.940 | 1.150 [-0.300 | 20631 | -5.382
5 |0.230 | 2300 | 0.265 13 3439 | 1533 [0.077| 5273 | 0264
Total 116.484 - - | 186.460 | -211.628

Table 3 Dimensions, weight force and centroids of the individual blocks



e Centroid of the construction:

D Wi xi
A _186.460

= =1.601m
5 i 116.484

ZWi - Zi
_ —211.628

= — = 11548 =-1817m
D Wi '

Calculation of the front face resistance. The depth of soil in front of the wall is 0.6 m. Pressure
at rest is considered.

e Hydraulic gradient:
(h, - water tables difference, d, - seepage path downwards, d, - seepage path upwards)

h, _ 37-15

i= = =0.606
dy +d, 3.03+0.6

o Coefficient of earth pressure at rest:
(For cohesive soils the Terzaghi formula for computing of the coefficient of earth pressure at
restK, is used)

K, = vo_ 0.35
1-v 1-035

=0.538

e Unit weight of soil in the area of ascending flow:
V=Vt —Vw —Vw 1=20.5-10.0-10-0.606 = 4.439 KN/ m?®

e Vertical normal effective stress o, in the footing bottom:
o, =y-h=4.439-0.6 = 2.663 kPa

e Pressure at rest in the footing bottom:
o, =0, -K, =2.663-0.538 =1.433 kPa

e Resultant force of stress at restS, :

(Resultant force S, acts only in horizontal direction, thereforeS, = S,, andS,, =0)

S, =%ar ~h=%1.433-0.6=0.430 KN/m



Point of action of the resultant force S, :

Xx=0.000 m
Z=—£h=—1-0.6=—0.200m
3 3

Calculation of the active pressure. There are two layers of soils in the area, where we solve
the active pressure. The structure is therefore divided into two sections, in both of which the geostatic

pressure o, , the active earth pressurec, and the resultant forces S,; andS,, are calculated. The
active earth pressure is calculated using Coulomb’s theory.
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Figure 2 Geostatic pressure o, and active pressure o,
e Coefficients of active earth pressure in both sections:

K. -

a

(a =0°- back face inclination of the structure, f = 0°-inclination of the terrain; design values
of soils from Table 2 are used in the calculation)
coefficient of active earth pressure

K, =

cos’(p— )

cos?(a)-cos(ar + 8) -| 1+ \/

sin(g +3) -sin(p—B) |
cos(a + o) -cos(a — f)



K,.- coefficient of active earth pressure due to cohesion

K 00s(p) -cos(B) - cos(d — ar) - [L+tg(-a)-tg(8)] 1
e 1+sin(p+8 —a— ) cos(S + )

Calculation for the first section:

1
= f=arctg — |=5.711°
p=p 9(1()}

c0s%(24.091-0)

K, = ~=0.4097
c0s2(0) - cos(0 + 13.636) | 1+ sin(24.091 +13.636) - sin(24.091 — 5.711)
cos(0 +13.636) - cos(0 —5.711)
K _ 00s(24.091) -cos(5.711) - c05(13.636 —0) [1+1g9(-0)-tg(5.711)] 1 05036
et 1+sin(24.091 +13.636 — 0 —5.711) cos(13.636 +0)

Calculation for the second section:

p, =arctg M = arctg(wJ =5.557°
Vi 18.5

cos?(24.545 —0)

K,, = ~=0.4016
052 (0) -cos(0 + 13.636) | 1+ sin(24.545 +13.636) - sin(24.545 — 5.557)
cos(0 +13.636) - cos(0 — 5.557)
K _ 005(24.545) -05(5.557) - 05(13.636 — 0) - [1+1tg(-0)-tg(5.557)] 1 05882
acz 1+ sin(24.545 +13.636 — 0 —5.557) cos(13.636 +0)

Unit weight of soil SC in the area of descending flow:
Vo =Veat —Vw + 7w -1=20.5-10.0+10-0.606 =16.561 kN/m?

Vertical geostatic pressure o, in two sections:
o, =y, -h =18.0-1.5=27.000 kPa

o,,=y,-h +y,-h, =18.0-1.5+16.561-3.03 = 77.180 kPa

Calculation of high in first layer of soil MS, where the active earth pressure is neutral:

_ 2:Ce 91 Ko 2-8571-0.5936

hy = =1.380 m
7Ky 18.0-0.4097

Active earth pressure o, in two sections:
Oy =0, Ky —2-Cy g - Koy =27.00-0.4097 —2-8.571-0.5936 = 0.886 kPa



Caza = Koy —2-Cy 45 - Kooy = 27.00-0.4016 — 2-5.714 - 05882 = 4,121 kPa
Gy =0 yp - Koo =2+ C gy - Kooy = 77.18-0.4016 — 2-5.714 - 0.5882 = 24.274 kPa

e Resultant forces of active earth pressure S, S, and vertical and horizontal components:

S, = % <o (h, —hy) =% .0.886 - (1.500 —1.380) = 0.053 kN /m

Sy =Sa - COS(S) = 0.053 - C0s(13.636) =0.052 KN/ m
Sais =S -SIN(8) = 0.053 - 5in(13.636) = 0.013 kN /m

S, :% (Cagy — Taga) Ny + O -y = % -(24.274 - 4.121) - 3.03 + 4.121-3.03 =43.018 KN /m

Sa2x =S4z - €0S(6) =43.018 - c0s(13.636) = 41.806 KN/ m
Sazz =Sg, -Sin(5) =43.018 - sin(13.636) =10.142 KN/ m

e Points of action of resultant forces S,,andS,;,:

X; =2.300 m
2, =-08-20- @ =-2.840m
X, =2.300 m
4121-3.03-| - & +0.23 |+ (24.274 — 4.121) @ = & +0.23
Z, = 2 2 3 =-0.927Tm
2 3.03 -

4.121-3.03+ (24.274 - 4.121)- ==

e Total resultant force of active earth pressure S :
Sax =Sy +Sazx =0.052+41.806 =41.858 KN/m

S

az

=Sy, +Sa, =0.013+10.142 =10.155 kN/m

S, =S4’ +S,,2 =+/41.8587 +10.1552 = 43.072 kN/m

e Point of action of total resultant force:



X, =2.300 m

ZZ:Sai,z " Zi
1

, ~ 0.013-(-2.840) +10.142 - (-0.927) _
2 10.155

zsai,z

1

-0.929 m

Calculation of the water pressure. The heel of the structure is sunken in a permeable subsoil,
which allows free water flow below the structure. Therefore, the hydrodynamic pressure must be

considered and its resultant force is calculated as shown in Figure 3. The area of the hydrodynamic
pressure is divided into two sections.

Figure 3 Hydrodynamic pressure o,

Horizontal water pressure o, at interface of section 1 and section 2 (depth 3.7 m):
oy =0y (8.7-15)=10-2.2=22.000 kPa
e Resultant force of water pressure S, in two sections:

Sy :%-aw ‘hy, :%-22.000-2.2:24.200 KN/m



S =£'0' -hy, =%-22.000-0.83=9.130 KN/m

w2 w
2

e Points of action of resultant forces:
X, =2.300 m

2, --06-22__1383m
3

X, =2.300 m
z,=-06+ (M;)'Z‘Q’j ~-0.323m

e Total resultant force of water pressureS,,:

2
Sy =S, =24.200+9.130=33.330 kN/m
1

e Point of action of resultant force S :
Xy =2.300m

2
Swi * Zi
21: | 24.2.(-1.333)+9.13(-0.323) _

—-1.056 m
2 33.33

Z Swi
1

Zy =

Checking for overturning stability. The moments calculated in the analysis rotate about the
origin of the coordinate system (left bottom corner of the structure). Resisting momentM ., and

overturning momentM . are calculated for verification.

r

e Calculation of resisting moment M ., and its reduction by coefficient y4 =1.1:

res

M, =W-r +S,,-r2=116.484-1.601 +10.155 - 2.3 =209.847 kKNm/m
Myes _ 209847 _ 190 770 kNm/m
Vs 11

Result from the GEO5 — Gravity Wall program: M, =190.74 kNm/m
e Calculation of overturning moment M, :
M, =—0.430-0.2 + 41.858 - 0.929 + 33.33-1.056 = 73.997 kNm/m

Result from the GEO5 — Gravity Wall program: M, =74.02 kNm/m



e Usage:

v, = Mow 100 - 73997 100 —38.8%, SATISFACTORY

M 190.770

res

Result from the GEO5 — Gravity Wall program: V, =38.8 %, SATISFACTORY

Checking for slip. Slip in the inclined footing bottom (Figure 4).

vert

F hor
B

T
N
L*J
Figure 4 Forces acting in the footing bottom

e Total vertical and horizontal forces F, and F,:
F,or =116.484 +10.155 =126.639 kN /m

Fior =—0.43+41.858 +33.33=74.758 KN /m

e NormalforceN :
o, =5.711°

N=F

wer - €0S(ay) + Fy, - sin(ex, ) =126.639 - coc(5.711) + 74.758 - sin(5.711) =133.450 kN /m
e Shearforce T:
T =—F, -sin(a,) + Fo, - €0s(ar,) =—126.639 - sin(5.711) + 74.758 - c0s(5.711) =61.785 KN /m
e  Eccentricity of normal force:

d - inclined width of footing bottom



e, - Mmaximal allowable eccentricity

_ 23 23 _2311m
cos(er,) cos(5,711)
Moy ~ Mo + 9 73,007 — 200,847 4 133:490 2311
e= 2 - 2 =0.138 m
N 133.450

In the program, eccentricity is calculated as a ratio.

e_0138 _ 060

e . =—=
e Ty 2311

€., =0.333 > e, =0.060, SATISFACTORY

alw

e Resisting horizontal force H . and its reduction by coefficient y, =1.1:
U - reduction coefficient of contact base - soil

1 =1.0 (without reduction)

Fres
Fres =0kN

res

- resisting force

’ d B 2 i . . . - . .
H e = [N gy + MJ tF, = (133.450 1g(24.545) + 21142 3110 2-0 138)) +0
H .

H,.. =72.571kN/m

H e 72571
7s

=65.974 KN/m

Result from the GEO5 — Gravity Wall program: H . =65.98 kNm/m

res

e Acting horizontal force H,:

H,, =T =61.785kN/m

Result from the GEO5 — Gravity Wall program: H_., =61.79 kNm/m

act
e Usage:
H 61.785

V, =—2%.100 =———-100 = 93.7 %, SATISFACTORY
H 65.974

res

Result from the GEO5 — Gravity Wall program: V,, =93.6 %, SATISFACTORY

10



Bearing Capacity of the Foundation Soil

The bearing capacity of the foundation sol is set to R, =100 kPa, and is compared with the

stress in the inclined footing bottom.
e Usage — eccentricity:

V. =& 100=290 100 _1809%, SATISFACTORY

u
ealw '

Result from the GEO5 — Gravity Wall program: V,, =18.0 % , SATISFACTORY

e Stress in the footing bottomo :

N 133.450

o= = =65.577 kPa
d-2-e 2311-2-0.138

Result from the GEO5 — Gravity Wall program: ¢ =65.57 kPa

e Usage:

65.577

v, =2 100 = .100 = 65.6 %, SATISFACTORY

u Rd

Result from the GEO5 — Gravity Wall program: V, = 65.6 %, SATISFACTORY

Dimensioning — Wall Stem Check

In this example, a cross-section in the level of x-axis in Figure 5 is verified. The verified cross-
section is made from plain concrete C 20/25 (characteristic cylindrical strength of concrete in
compression f, =20000 kPa, characteristic strength of concrete in tension f  =2200 kPa)

with height h=1.40 mand widthb=1.00m. The verification of a cross-section made from plain

concrete is realized in accordance with EN 1992-1-1.

11
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Figure 5 Dimensioning — wall stem check, cross-section

e (Calculation of the weight force and the centroid of the wall:

w :23-(0.7-3.5+%-0.7-3.5)=84.525 KN/m

0.7 1 2-0.7
23-10.7-35-| —+0.7 |+=-0.7-35- ——
2 2 3
X; = =0.856 m
84.525
35) 1 35
23-10.7-35:|——— [+=:0.7-35.| ——
2 2 3
Z, = =-1.556m
84.525

Calculation of the active earth pressure. The area behind the evaluated part of the
construction is divided into two sections. In the first section, the active pressure is the same as in the
analysis of the whole wall. The centroids of all forces must be recalculated.

e \Vertical geostatic stress o,, at the end of the second section:

G, =0y +7, hy,=27.0+16.561-2.0 =60.122 kPa

e Active earth pressure o,,, at the end of the second section:
O 40, =0.4016 - 60.122 — 2 -5.714 - 0.5882 =17.423 kPa

12



e Resultant force of active earth pressure S, and vertical and horizontal component:

(Resultant force S,; at the beginning is the same)

S, :% -(17.423-4.121) - 2.0+ 4.121- 2.0=21.544 KN/ m

Sazx =S4 - €0s(0) = 21.544 - c0s(13.636) = 20.937 KN/m
Sa22 =S4, +sin(0) =21.544 -sin(13.636) =5.079 kN/m

e Calculation of points of action:

X; =1.400 m
1
7=-3 (1.50 -1.38) —2=-2.040 m
X, =1.400 m
4.121-2.00-| - 2.0 +(17.423 - 4.121) 200 (_2.00
Z; = 2 2 3 J__ 0.794 m
2 2.00 e

4.121-2.00 + (17.423 — 4.121) -

e Total resultant force of active earth pressure S, and horizontal and vertical component:
Sax =Sarx +Sa2x =0.052 +20.937 =20.989 KN/ m

Sa =Sa1, + S, =0.013+5.079 =5.092 kN/m

S, =S, +8S,,° =v20.9897 +5.0922 =21.598 kN/m

e Point of action of resultant force S, :
X, =1.400 m

, _0.052-(-2.840 +0.800) + 20.937 - (-0.794) _
8 0.052 + 20.937

—0.797 m

Calculation of the water pressure. Water pressure becomes higher with the increasing depth.

e Horizontal water pressure o, in depth of 3.5 m under the surface of the adjusted terrain:
oy =Vy (35-15)=10-2.0=20.000 kPa

13



e Resultant force of water pressure S :

Su :%-O'W -h,, :% -20.000 - 2.0=20.000 KN/m
e Point of action of resultant force S :

X; =1.400 m

2, ——Z.2,0--0667m
3

Verification of the shear strength. The design shear force, design normal force, design bending
moment and shear strength of the cross-section are calculated. The design bending moment rotates
about the middle of the verified cross-section.

e Design shear force V,:
Veg =Sy, + Sa =20.000 + 20.989 =40.989 kKN /m

Result from the GEO5 — Gravity Wall program: V., =40.94 kN /m

e Design normal force N, :
Ngg =S, +W =5.092 +84.525 =89.617 kN /m

Result from the GEO5 — Gravity Wall program: N, =89.57 kN /m

e Design bending moment M, :

Mgg=-W-rp-S, -r,+S,,-r;+S, -1,

M, =—84.525 - (0.856 —0.700) —5.092 - 0.700 + 20.989 - 0.797 + 20.000 - 0.667 =13.311 kKNm/m
Result from the GEO5 — Gravity Wall program: M ., =13.32 kNm/m

e Calculation of the area of compressed concrete A :

Determining the compressed area of concrete is necessary in order to determine the stresses
on the front and the rear edges of the verified cross-section. The normal force N, makes

compressive stress and therefore is considered to be a negative force.

Stress from the design normal force N, :
N _Ng  —89.617

= =-64.012 kPa
A A 1.00-1.40

Stress from the design bending moment M ., :

14
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Figure 6 Course of tension on a cross-section of a wall stem

From Figure 6 it can be seen, that the whole area of the cross-section is compressed.
A, =b.h, =1.00-1.40 =1.40 m?

Stress in cross-section areao

N 1 89617 1

Tep = -~ =0.064 MPa
A, 1000 1.400 1000

Design strength of concrete in compression f; :

Ta _0g.2990 _14,667 MPa
y 15

c

fcd =, pl *

Design strength of concrete in tension f:

fow 005 - lower value of characteristic strength of concrete in tension

f 0.7 f 7.2
fg =y 0 gy 2 e g O 71 2 20 _ .21 MPa

Ve Ve

Limit stress:
Gotim = fog =2/ faq - (fog + foq) =10.667 —2-,/0.821 - (10.667 + 0.821) = 4.525 MPa

Shear strength f_, :

2
max(0,0., — O im 0. _4
fcvd = \/ fc?d T O - fctd _£ ( & ol J = \/08212 +0.064 -0.821 - ( max(0,0 064 — 4.525

2 2

f 0.852 MPa

ovd =

15

j



Design shear strength V., :
k=15

V. = toaAe 1009 0852-14 L oon  coc 500 kN/m
Rd k 1.5

Result from the GEO5 — Gravity Wall program: V, =795.74 kN /m

Usage:
Vv .

V, = “Ed 100 = 40.989 -100 =5.2 %, SATISFACTORY
Vg 795.200

Result from the GEO5 — Gravity Wall program: V, =5.1% , SATISFACTORY

Verification of a cross-section loaded by bending moment and normal force.

Calculation of eccentricitye :

e= Max{ab

e=0.149m

_ May abg 2311 @002 = Max(0.149; 0.047; 0.02)
89.617 617

Effective height of cross-section y :
y=h-2.2=1400-2-0.149=1.102m

Design normal strength N, :
Max(f ;50) —50 _10- Max(20; 50) — 50 _10- 50 - 50

n=10- .
200 200 200

=10

Npg =(b- 777+ fg)-1000 = (1.0-1.102-1.0-10.667) -1000 =11754.667 kN / m

Result from the GEO5 — Gravity Wall program: N, =11758.60 KNm/m

Usage:
N .

V, = —Ed 100= ﬂ -100 =0.8%, SATISFACTORY
Ngq 11754.667

Result from the GEO5 — Gravity Wall program: V, = 0.8 %, SATISFACTORY
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2. The Second Stage — Seismic Design Situation

Verification of the Whole Wall

The second stage of calculation uses the same wall influenced by an earthquake. The
calculation of earthquake effects is made according to the Mononobe-Okabe theory. The factor of
horizontal acceleration is k, =0.05 (inertial force acts horizontally in an unfavourable direction) and

the factor of vertical acceleration is k, =—0.04 (inertial force acts downwards). The coefficients of

reduction of soil parameters and the coefficients of overall stability of construction are equal to one.
Therefore, the design values of soil properties are the same as the characteristic values in Table 1.

Calculation of the weight force of the wall. To determine the horizontal and vertical
components of a force from an earthquake, it is necessary to calculate the weight force of wall without
the buoyancy exerted on the wall by the groundwater. The calculation is shown in Table 4.

Height | Width | Area |Block weight Weight | point of action
Block| h, b, A, 7 f‘\’,\rlce G -xi | G i
LI G I I VG I I
1 | 3500 0.700 | 2.450 23 56.350 | 1.950 |-2.550 | 109.883 [-143.693
2 [ 3500 0700 | 1.225 23 28.175 | 1.367 |-1.967 | 38.506 | -55.411
3 [o0.200] 2300 | 0.460 23 10.580 | 1.150 [-0.700| 12.167 | -7.406
4 |o.600| 2300 | 1.380 23 31.740 | 1.150 |-0.300 | 36.501 | -9.522
5 [0.230 | 2300 | 0.265 23 6.095 | 1.533 | 0.077 | 9344 | 0.469
Total 132.940 - - | 206.407 [ -215.563

Table 4 Dimensions, weight force and centroids of the individual blocks

e Centroid of the structure:

5
ZWi - Xi
4 _206.407 _

YT Tmoa PN
> wi '
1
5
D Wi-zi
g = _ - 25563 _ o0

5 ©132.940
ZWi

e Horizontal and vertical component of the force from the earthquake:
Weqx = ki, -W =0.05-132.940 =6.647 KN/ m

W, , =K, ‘W =—(-0.04) -132.940 =-5.318 KN/ m

17



Calculation of the front face resistance. The pressure at rest on the front face of the wall is

the same as in the first stage of the calculation. The resultant force of the pressure at rest is
S, =0.430 kN /m.

Calculation of the active earth pressure. The course of the geostatic pressure is the same as
in the first stage of calculation. In the calculation coefficients of active earth pressure K, and K, are

used as characteristic values of soil properties. The active earth pressure o, and the resultant force of
active earth pressure S, are calculated.

e Course of geostatic stress:
o,, = 27.000 kPa

o,, =77.180 kPa

e (Coefficients of active earth pressure in both sections:
(a =0°- back face inclination of the structure, £ = 0°-inclination of terrain; characteristic
values of soils from Table 1 are used in calculation)

Calculation for the first layer:

1
= f=arctg — |=5.711°
p=p g(le

2
K, = cos“(26.5-0) - 0.3711
cos? (0) - cos(0+15.0) | 1+ sin(26.5+15.0) - sin(26.5 - 5.711)
cos(0+15.0) - cos(0—5.711)
K — €03(26.5) - cos(5.711) - cos(15.0-0) - [1+tg (-0)-tg (5.711)] ‘ 1 05619
act 1+5sin(26.5+15.0 - 0—5.711) cos(15.0+0)
Calculation for the second layer:
S, =arctg 7-19(h) :arctg(—w'o'tg(s'nl)J:5.557°
i 18.5
2 —
K., = cos(27.0-0) - 0.3631
cos?(0) - cos(0+15.0)| 1+ sin(27.0 +15.0) - sin(27.0 — 5.557)
cos(0+15.0) - cos(0 —5.557)
K C0s(27.0)-c05(5.557) -c0s(15.0-0) [1+1g(-0)-tg(5.557)] 1 05563
acz 1+sin(27.0 +15.0— 0—5.557) cos(15.0+0)
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Calculation of height in the first layer of soil MS, where the active earth pressure is neutral:
ho— 2-Coy Ko _2-12-05619
Ky 18.0-0.3711

=2019m >150m

Active earth pressure o, is calculated only for the second section (in the first section it’s
equal to zero):

Caza =0 p Koy =2+ Cyt 45 - Koep = 27.00-0.3631 — 2-8.0 - 0.5563 = 0.903kPa
Gz =0 Koy =2+ Cog 4 - Kooy = 77.18-0.3631 — 2-8.0- 0.5563 =19.123 kPa

Resultant force of the active earth pressure S, and its horizontal and vertical components:

1

Sa=% (Oun ~Tua) o + 0z -y :%- (19.123 - 0.903) - 3.03 + 0.903 - 3.03 =30.339 kN/m

S, =S, -c0s(5) =30.339 - cos(15.0) =29.306 KN /m
S, =S, -sin(6) =30.339 - sin(15.0) = 7.852 KN / m

Point of action of the resultant force:

Xx=2,300 m

0.903-3.03- —ﬁ+0.23 +(19.123—0.903)ﬁ~ —@+0.23
= 2 2 3 =—-0.826m
B 3.03 e

0.903-3.03 + (19.123 - 0.903) - i

Increase of the active earth pressure caused by an earthquake. An earthquake increases the

effect of active earth pressure.

Calculation of the seismic inertia angle in the first layer (without restricted water influence):
k .
w, =arctg —— | =arctg _ 005 57500
1-Kk, 1-(-0.04)

Calculation of the seismic inertia angle in the second layer (with restricted water influence):

.k -k .
v, = arctg Y sat,2 h _ Vsat,2 h — arctg( 20.5-0.05 jz 5.362°
Yz Q=K ) | (Fearz = 7w) A=K,) (20.5-10) - [L- (- 0.04)]
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Coefficient K, for the active earth pressure in both sections:
2
cos“ (p -y —
K - (p-y-a)

COS‘//'COSZ(OK)'COS(V/JrOH&)-£1+\/ sin(p + &) -sin(p —yw — B) ]

cos(a + 6 + ) - cos(ax — )

cos®(26.5—2.752 — 0)

y " 2
c0s(2.752) - cos” (0) - c0s(2.752 + 0 +15.0) - [1+ \/sm(26.5 +150)-5in(26.5-2.752 = 5.711) J

K

ael —

cos(0+15.0 + 2.752) - cos(0 —5.711)
K, = 0.4102
K cos?(27.0 -5.362 - 0)

ae2 — : : P
c05(5.362) - c0s? (0) - COS(2.752 + 0+ 15.0) | 1+ | S(27-0+15.0)sin(27.0 ~5.362 =5.557)
c0s(0 +15.0 +5.362) - cos(0 —5.557)

K., =0.4429

Calculation of normal stress o, from the earthquake effects. The normal stress is calculated
from the bottom of the wall:

04, =0.000 kPa- normal stress in the footing bottom

oa =7, -h, - (1—k,)=16.561-3.03-[1 - (—0.04)]=52.187 kPa

Cyo=0g4 + 71 -h -(1—k,)=52.187 +18.0-1.50 - [1 — (—0.04)] = 80.267 kPa

Increase of the active earth pressure caused by the earthquake in both sections:

pera = O - (K — Kpy) =80.267 - (0.4102 — 0.3711) =3.138 kPa
o = g1 - (Koo — Kyg) =52.187 - (0.4102 — 0.3711) = 2.041 kPa
Oaera =0 - (Koey — Kyp) =52.187 - (0.4429 —0.3631) = 4.165 kPa

Resultant forces of the increase of the active earth pressure S, in both sections:

S =% (Coota — Taom) b + Oy -1y =% -(3.138 — 2.041) - 1.50 + 2.041-1.50 =3.884 kN/m

S.e1x = S,er - €0S(5) =3.884 - c0s(15.0) =3.752 KN /' m

S.e1, = Seg - SIN(S) =3.884 -5in(15.0) =1.005 kN /m

S :% Graza o :% 14.165-3.03=6.310kN/m
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S.eox = Saep - €0S(0) =6.310 - c0s(15.0) =6.095 kN /m

Sae2z = Saep - SIN(S) =6.310 -sin(15.0) =1.633 kN /m

e Points of action of the resultant forces:

X, =2.300m
2.041-1.50- [_ 1"50 - (3.03- o.23)j +(3.138 - 2.041) 1-'50 . [g (-1.50)— (3.03 0_23)J
Z, =
2.041-150 + (3.138 - 2.041) -1'2’0
z, =-3.603m
X, =2.300 m

2, =2.(-3.03)~0.23=-1.790 m
3

e Total resultant force of the increase of active earth pressure S, and its horizontal and vertical

component:
Saex = Saetx + Saeax =3.752 +6.095=9.847 kN/m

Spes = Saety +Saes, =1.005+1.633=2.638 KN/m

ae,z

Sue =/ Saon’ + Saes’ =V/9.8472 +2.6387 =10.194 kKN/m

e Point of action of the resultant force S, :
Xz =2.300 m

. 3.752-(-3.603) +6.095-(-1.790) _ , ,o00 -
3.752 + 6.095

Calculation of water pressure. The water pressure is the same as in the verification of the
whole wall in the first stage. The resultant force of the water pressure is S, =33.330 kN/m and has

the same point of action as in the first stage.
Calculation of the hydrodynamic pressure acting on the front face of the wall. The action of

the hydrodynamic pressure caused by the earthquake is calculated from the groundwater table to the
bottom of the wall. The direction of the force is the same as the direction of the horizontal acceleration.
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Calculation of the resultant force of the hydrodynamic pressure P, caused by the earthquake:
H=06+0.23=0.83m

7 7

P =5 Kn 17 *H? =1>-005-100-0,83 =0.20LkN/m

12

Point of action of the resultant force P, :
x=2.300m

Z=y,4 —0.23=(0.4-H)—0.23=(0.4-0.83)—0.23=0.102 m

Checking for overturning stability. The moments calculated in the analysis rotate about the
origin of the coordinate system (left bottom corner of the structure). Resisting momentM ., and

overturning moment M . are calculated for verification.

Calculation of the resisting moment M :
Mg =W 1 + W, -1, +S, -1, +S
M, =116.484 -1.601 +5.318 -1.553 + 7.852 - 2.300 + 2.638 - 2.300

M., =218.877 kNm/m

ae,z

-1, =116.484 -1.601 + 5.318 - 1.553 + 7.852 - 2.300 + 2.638 - 2.300

Result from the GEO5 — Gravity Wall program: M, =218.86 kNm/m

Calculation of the overturning moment M, :

Mo, =-S5, +Weq’Z Ty +S, I +S

M
M

ovr

ovr

ae,x

T, +S, s + Py 15

=-0.43-0.200 + 6.647 -1.622 + 29.306 - 0.826 + 9.847 - 2.481 + 33.330 -1.056 + 0.201 - 0.102

=94.550 KNm/m

Result from the GEO5 — Gravity Wall program: M, =94.59 kNm/m
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4.).

Usage:

M .
V, = 2o 100 = 94.550 100-432 %, SATISFACTORY
M., 218.877

Result from the GEO5 — Gravity Wall program: V, = 43.2 %, SATISFACTORY

Checking for slip. The slip in the inclined footing bottom in 1:10 inclination is checked (Figure

Total vertical and horizontal forces F,, a F,,:
Fur =116.484 +5.318 + 7.852 + 2.638 =132.292 kN /m

F.. =—0.43 + 6.647 + 29.606 + 9.847 + 33.33 = 79.000 kN /m

Normal force in the footing bottom N :
a, =5.711°

N =F,, -cos(a,)+ Fpny, - sin(e, ) =132.292 - coc(5.711) + 79.000 - sin(5.711) =139.496 kN /m

Shear force in the footing bottom T :
T =—F,, -sin(a,) + Fy - COs(r,) =—132.292 - sin(5.711) + 79.000 - cos(5.711) = 65.444 kN / m

Eccentricity of the normal force:
d - inclined width of the footing bottom
e, - maximal allowable eccentricity

d=—23 _ 23 _oamm
cos(a,) cos(5.711)
M owr M res T Ld 94.550 - 218.877 + w
. ‘= 2 —0.264m
N 139.496

In the program, the eccentricity is calculated as a ratio.

e 0.264
€ atio = E = m =0.114

€aw=0,333 > €., =0.114 , SATISFACTORY

Resisting horizontal force H ., and its reduction by coefficient y4 =1.1:
U - reduction coefficient of contact base - soil

1 =1.0 (without reduction)
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F. - resisting force

Frec =0KkN

res

Cef,2 (d —2-6)
7

8.00-(2.311-2- 0.264)j ‘0

] +F,, = (139.496 19(27.0) + N

Hres Z(N 'tg(oef,Z +

H e =85.341kN/m

Result from the GEOS5 — Gravity Wall program: H  =85.33 kNm/m
e Acting horizontal force H :

H.i =T =65.444kN/m

Result from the GEO5 — Gravity Wall program: H_, =65.37 kNm/m

e Usage:
Vv, = oo 100 = 44 100 767 %, SATISFACTORY
H 85.341

res

Result from the GEO5 — Gravity Wall program: V,, =76.6 % , SATISFACTORY

Bearing Capacity of the Foundation Soil
The bearing capacity of the foundation soil is set to R; =100 kPa, and is compared with the

stress in the inclined footing bottom.

e Usage — eccentricity:
v, = .100=224 100 = 3429, vyHOVUIE
e 333

alw

Result from the GEO5 — Gravity Wall program: V, =34.6 %, SATISFACTORY

e Stress in the footing bottomo :
o N 139.496
d-2-e 2311-2-0.264

=78.237 kPa

Result from the GEO5 — Gravity Wall program: o =78.29 kPa

24



e Usage:

Vv =£‘100=78.237

" TR -100 = 78.2 %, SATISFACTORY
d

Result from the GEO5 — Gravity Wall program: V, =78.3% , SATISFACTORY

Dimensioning — Wall Stem Check

In this example, the cross-section on the level of the x-axis in Figure 5 is verified. The cross-
section is made from plain concrete C 20/25 (characteristic cylindrical strength of concrete in
compression f, =20000 kPa, characteristic strength of concrete in tension f, =2200 kPa)

with height h=1.40 mand widthb=1.00 m. The verification of the cross-section made from plain

concrete is realized in accordance with EN 1992-1-1.

e (Calculation of the weight force and the centroid is the same as in the first stage:
W =84.525kN/m

X, =0.856 m
z, =-1.556 m

e Horizontal and vertical component of the force caused by the earthquake (the centroid is the
same as the centroid of the weight force):
Weqx = K, -W =0.05-84.525 =4.226 KN/ m

Weq’Z =—k, ‘W =—(-0.04)-84.525 = -3.381L KN/ m
Calculation of the active earth pressure. The area behind the evaluated part of the
construction is divided into two sections. The centroids of all forces must be recalculated.

e Vertical geostatic stresso,; and o,, in both sections:
o, =y, -h, =18.0-1.5=27.000 kPa

o, =0, +¥, h,=27.0+16.561- 2.0 =60.122 kPa

e Active earth pressure in the second section o ,,, and o,,, (the active earth pressure in the

a2a
first section is equal to zero):
O 40, =0.3631-27.000 —2-8.0-0.5563 = 0.903 kPa

a2a

ooy =0.3631-60.122 — 2-8.0-0.5563 =12.929 kPa
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e Total resultant force of the active earth pressure S, and its horizontal and vertical

components:

S, :%- (12.929 -0.903) - 2.0+ 0.903-2.0=13.832 KN/m

S.x =S, -€0s(5) =13.832 - c0s(15.0) =13.360 KN/ m
S,z =S4, +siN(5) =13.832 - sin(15.0) =3.580 KN/ m

e Point of action of the resultant force S,
x=1.400m

0.903- 2.00-(— 2;)0} +(12.929 - 0.903) 220 : (_230

7= J=—0.71Om

0.903-2.00 + (12.929 —0.903) 220

Increase of the active earth pressure caused by an earthquake. An earthquake increases the
effect of the active earth pressure.

e Calculation of the normal stress o, from the earthquake effects. The vertical pressure is
calculated from the lower part of the stem:
o4, =0.000 kPa- normal stress at the level of the lower part of the stem

ou =7, (h,)-(@—k,)=16.561-(2.00) - [L - (—0.04)] = 34.447 kPa
Cuyo =0 +71 - -(L—k,)=34.447 +18.0-1.50 - [L — (-0.04)] = 62.527 kPa

e Increase of the active earth pressure caused by the earthquake effects in both sections:
Oae1a = Ogo (Ko — Ky ) =62.527 - (0.4102 - 0.3711) = 2.445 kPa

o = Oar - (Kea — Kyy) = 34.447 - (0.4102 — 0.3711) =1.347kPa
Oaera =T - (Koep — Kgp) = 34.447 - (0.4429 — 0.3631) = 2.749 kPa

e Resultant forces of the increase of the active earth pressure S, in both sections:

Spy = % (Coota — Taom) M + ey -y =% - (2.445 ~1.347) -1.50 +1.347 -1.50 = 2.844 kN/m

S.eix = Sae1 - €0OS(0) =2.844 -c0s(15.0) =2.747 KN/ m
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S,er, = Sae - SIN(S) = 2.844 -5in(15.0) = 0.736 kN /m

Sy =20y Ny = 2.749-2.00 = 2749 kN/m
2

ae,2a
2

S =S, - €0S(0) =2.749 - c05(15.0) = 2.655kN /m

ae2x

S.e0y = Saep - SIN(S) =2.749 - sin(15.0) = 0.711 kN / m

ae2z

e Points of action of the resultant forces:

X, =1.400 m
1.347 -1.50 - (— 150 200) +(2.445 —1.347) 150, (2 -(-1.50) — 2.00}
2 2 3
Z, = 150 =-2.824m
1.347 -1.50 + (2.445 —1.347) - T
X, =1.400 m

Z, = % (-2.0)=-1.333m

e Total resultant force S, and its horizontal and vertical components:
Saex = Saetx T Saeax = 2. 147 +2.655=5.402 kN/m

Saez =Saes T Saep; =0.736 +0.711=1.447 KN/ m

ae,z aelz ae2z

Sae =1/Saex’ + Sass’ =V/5.402% +1.447% 5592 KN/m

ae,z

e Point of action of the resultant force S, :
Xz =1.400 m

2T (-2.824) +2.655-(-1.333) _ , o
2.747 +2.655

Calculation of the water pressure. Water pressure becomes higher with the increasing depth.

e Horizontal water pressure o, in depth of 3.5 m under the surface of the adjusted terrain:

e o,=r, (35-15)=10.2.0=20.000 kPa

e Resultant force of the water pressureS, :
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S, :%-aw -h, :%-20.0002.0:20.000 KN/m

e Point of action of the resultant force S,:
X; =1.400 m

2, =—% .2,0=-0.667 m

Verification of shear strength. The design shear force, design normal force, design bending

moment and shear strength of the cross-section are calculated. The design bending moment rotates
about the middle of the verified cross-section.

e Design shear force V,:

Veg =Sy + S + Saex +Weq =20.000 +13.360 + 5.402 + 4.226 = 42.988 KN/ m
Result from the GEO5 — Gravity Wall program: V., =42.95kN/m

e Design normal force N, :

Ngg =S, + S, +W +W,, , =3.580 +1.447 +84.525 + 3.381=92.933 kN/m
Result from the GEO5 — Gravity Wall program: N, =92.89 kN/m

e Design bending moment M, :

M Ed = -W- rn- Saz I+ Sax A+ SW Ty _Weq,z 'rS_Sae,z T +Weq,x L+ Sae,x Ty

M, =-84.525-(0.856 — 0.700) —3.580 - 0.700 +13.360 - 0.710 + 2.,0- 0.667 —
—3.381-(0.856 — 0.700) —1.447 - 0.700 + 4.226 - 1.556 + 5.402 - 2.091

Mgy =23.458 KNm/m
Result from the GEO5 — Gravity Wall program: M, =23.46 KNm/m

e Calculation of the area of compressed concrete A :
Determining the compressed area of concrete is necessary in order to determine the stresses on the
front and the rear edges of the verified cross-section. The normal force N, makes compressive stress
and therefore is considered to be a negative force.

Stress from design normal force N, :

N_Neg —9293 _ 6 381kPa
A A 100-1.40
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Stress from design bending moment M :

M _ Mg _ . 23458 _ 171810 kPa
W Wy 1.1.00.1.40
6
Ned/A - Med/Wy
= + g\ - ¥
i
N
Med
i
44— 291 +
Ned S

Figure 7 Course of tension on the cross-section of wall stem

+71.810

-138,191

V
+5,429

From Figure 7 it can be seen, that not the whole cross section is compressed, only a part, h,:

~138.101
¢ 138.191+5.429
1.400

=1.347m

A, =b.h,=1.00-1.347 =1.347 m?

Stress on the cross-section area o,

o _Neg 19293 1
® A, 1000 1.347 1000

p-

=0.06899 MPa

Design strength of concrete in compression f :

fog =e.pi T _08.2290 14667 mpa
14 15

Cc )

Design strength of concrete in tension f:

fux 005~ lOWer value of characteristic strength of concrete in tension

fetco0s 0.7-f 0.7-2.20

fog = e pr - =y am -0.8- e =0.821 MPa

C C
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Limit stress:
Oclim = =fy-2- \/fctd (fy + fyy) =10.667 — 2- \/0 821-(10.667 + 0.821) = 4.525 MPa

Shear strength f_,

max(0,0., — O¢im 2 . B 2
o =\/ fas + 0o+ fua —( ( > ] =\/0.8212 +0.06899 -0.821_(”"6"‘(0'0'056 4525)

f.q =0.855 MPa

Design shear strength V., :
k=15

Vg :%4000:%-1000:767.790 kN/m

Result from the GEOS5 — Gravity Wall program: V, =767.58 KN/ m

Usage:
Y, .

V, = Ve 1002298 100 569, saTiseacToRY
Ve 767.790

Result from the GEO5 — Gravity Wall program: V, =5.6 %, SATISFACTORY

Verification of a cross-section loaded by bending moment and normal force.

-

Effective high of cross-section y :
y=h-2.2=1.400-2-0.252=0.896 m

Calculation of eccentricitye :

e= Ma{ab

e=0.252m

Ma{ abg 248 @ ,0.02 |= Max(0.252; 0.047;0.02)
92.933 933

Design normal strength N, :
Max(f ;50) — ;90) — -
ax(f,;50)-50 _10- Max(20; 50) — 50 _10- 50-50

n=10-
200 200 200

=1.0

Ngg =(M-x-7-fy)-1000 =(1.0-0.896-1.0-10.667) -1000 = 9557.632 kN / m

Result from the GEO5 — Gravity Wall program: Ny, =9543.22 kNm/m

Usage:
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v Nea ;o 92933
Y Ngy 9557.632

-100 =1.0%, SATISFACTORY

Result from the GEOS — Gravity Wall program: V, =1.0 %, SATISFACTORY
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