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Abstract

The problem of vertical cracks that often appear in reinforced concrete walls above their contact zone with massive rein-
forced concrete foundations has been analysed. Thermal or shrinkage origin of the cracks resulting from non-uniform ther-
mal and shrinkage deformations of both elements, usually concreted at large time intervals, has been proved. The defor-
mation differences are basically caused by concrete self-heating due to cement hydration heat. A way of calculating
unfavourable thermal and shrinkage stresses and the necessary amount of horizontal reinforcement, preventing excessive
cracking, in the context of allowable crack width wjiy,, has been given.

Streszczenie

W pracy poddano analizie problem pionowych zarysowan jakie pojawiaja sie czesto w Scianach zelbetowych nad ich stykiem
z masywnymi fundamentami zelbetowymi. Wykazano termiczne lub skurczowe pochodzenie zarysowan, wynikajace z nie-
zréownowazonych odksztalcen termicznych i skurczowych obu tych elementéw, betonowanych zazwyczaj w duzym odstepie
czasu. Roznice odksztalcen termicznych sa spowodowane przede wszystkim samoociepleniem si¢ betonu pod wplywem
ciepla hydratacji cementu. Podano sposdb obliczenia niekorzystnych naprezen termicznych i skurczowych oraz koniecznego
poziomego zbrojenia konstrukcyjnego, przeciwdzialajacego nadmiernym zarysowaniom, w kontekscie dopuszczalnej sze-
rokoSci rozwarcia rys wyjm.

Keywords: Induced thermal stresses; Induced shrinkage stresses; Concrete creep; Crack limit width wii,; Minimal amount
of structural reinforcement Ag nin; Crack actual width wfc

1. INTRODUCTION height. The cracks start close above the contact zone
between the wall and foundation, they next widen, to
reduce the width on reaching the value of wk,max,
until they disappear.

A frequent case in construction practice are vertical
cracks in vertical walls of reinforced concrete tanks,

sludge tanks or in the retaining walls of bridge abut- . .
& . & 5 Another property of these cracks is that their largest
ments as well as in the walls of frame structures near

their contact zone with solid foundation slabs [4], [6], E:ig: ?frr)zgfci% t?(fwlzllrigslisof):Igaiﬂrii?ggt:ﬁcvivgiz t(hoii
(7], [11].

towards the expansion joints), as shown approximate-

The cracks run vertically, reach — depending on the ly in Fig. 1.

wall length and height — up to %3, %2 or even % of the
wall height. They are spaced at about 1.5+3.0 m, and
crack maximum width wk,max is — at low horizontal
reinforcement — 0.3+0.5 mm and appears at ¥ of crack

2/2008 ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 23



K. Flaga,

| TEF

hy "AR

(1/3+2/3) h;

g

Figure 1.
Typical morphology of vertical cracks in walls near their con-
tact zone with massive foundation

The cracks are troublesome, since in the lower part
they usually run through and make the walls perme-
able for liquids and other media. This is important
not only in tanks that are required to be imperme-
able, but also in other structural elements, mentioned
above, in which there appears leakage on the side of
ground backfill, producing an disadvantageous
appearance of these walls from the outside, full of
smears and damp patches.

A closer analysis of the problem shows that such walls
are most frequently poorly reinforced horizontally,
i.e. perpendicularly to the direction of their basic sta-
tic and strength behaviour. Designers usually apply —
following the code PN-B-03264:2002 [9] — structural
reinforcement calculated as for beams of height larg-
er than 1.0 m, which proves to be definitely inade-
quate. The reinforcement inefficiency increases with
the wall thickness, and, to be more precise, with its
massiveness “m”. The requirements specified in
bridge code PN-91/S-10042 [10] are much stricter,
although they are not clearly and explicitly defined.
The requirements in both quoted codes refer only to
reinforcement in near-surface zone, disregarding the
case of through-cracking of walls.

It also turns out that the phenomenon in question
appears much more frequently for sequentially con-
creted walls, with an insufficient number of expan-
sion joints and with no work breaks during concret-
ing. For contemporary building industry, with its high
construction work rate, these are “normal” condi-
tions and this is why it is necessary to work out pre-
ventive measures to eliminate the unfavourable phe-
nomenon of cracking.

2. FORMULATION OF THE PROBLEM

The character of the analyzed cracks shows that they
are caused by tensile forces in walls, occurring at the
contact zone of the walls and the solid foundation.
These are T, forces resulting from the tendency to

24 ARCHITECTURE

K.

CIVIL ENGINEERING

Furtak

relative displacements of walls and foundation in the
contact zone. These forces counterbalance each
other, exerting eccentric tension in the walls and
eccentric compression in the foundation slabs
(Fig. 2). Consequently, there is unfavourable state of
stress which exerts tension of the walls mainly in the
layers adjacent to the foundation, the upper parts of
the walls being under compression.
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Figure 2.
Approximate state of stresses in the wall and foundation
caused by force Ty

The main causes of T, force in the contact zone
include:

1° non-uniform thermal deformations in the walls
and foundation (force Txy),

2° non-uniform shrinkage deformations in the walls
and foundation (force Ts).

Both deformations occur particularly in case when
the foundation-wall system is concreted in two stages,
i.e. first the solid foundation is concreted, next — after
several days— the wall.

The solid foundation first expands under the effect of
cement hydration heat, next, when cooling, it con-
tracts, most frequently to the original dimensions.
When the concreting of the wall starts, the founda-
tion has already been cooled. In this state, the wall
concreted at the second stage, first expands under
cement hydration heat (over two to three days) with-
standing the resistance of the foundation, still weakly
bonded with it. This induces force T1 in the contact
zone, which compresses the lower part of the wall and
tensile the upper fibres of the foundation. On reach-
ing the self-heating maximum temperature the wall
cools over a few days (Fig. 3), withstanding the strong
resistance of the cooled foundation, inducing force
T, mentioned above.
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Figure 3.

The course of temperature in the wall due to self-heating
under cement hydration heat (tests by CEMEX Poland for
reinforced concrete elements with cross-section equal to
0.60 x 3.00 m) [3]

The value of force T, depends mainly on the differ-
ence between temperature tp¢ of the warmed up wall
and ty 4 — cooled foundation (AtSr = ty4 — t14) as well
as massiveness ,,m” of both component elements of
the structural system.

Concrete shrinkage acts similarly, but over a longer
period of time. Force T, in this case depends on the

difference between massiveness ,,m” of the wall and
foundation, as well as the difference between shrink-
age deformations after time t for the wall (gc24) and

for the foundation (e14r) — Fig. 4.

3cs.s;r 1
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Figure 4.

Differences in shrinkage deformations for the wall and foun-
dation Ascs,&'r (T3) = Ec24r (T3) - Ascsl,ér (T3)

3. INDUCED THERMAL STRESSES IN
WALLS

The problem was presented in detail in [3]. The prob-
lem discussed in that paper refers to tensile stresses
in the lower parts of the wall induced by external con-
straints, i.e. the resistance of the foundation plate for
wall thermal displacements at the cooling stage.
From among three practical examples quoted there

2/2009

we shall present one — dealing with the abutment of a
bridge structure on a motorway Al (Fig.5). The
structure of the abutment consists of a foundation
plate 1.50 m in thickness (concreted at stage I) of sur-
face module

m=—=154m"
|4

and the wall of body 1.00 m in thickness, developed
into bridge seat in the upper part and back wall (con-
creted at stage II) of surface module m = 1.89 m!. In
the above formula, F denotes the element exterior
surface through which the heat (or humidity) is
exchanged with the surroundings, V — is the element
volume. It should be mentioned here that elements of
module m < 2.0 m™! belong to massive elements, for
which self-heating under cement hydration heat is
Atsr = 20+50°C (35°C on the average) [3].

L 950 I\
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Figure 5.
Cross-section of abutment body in the bridge structure on
motorway Al [2]

The abutment with the total length of 59.55 m is
divided into four — 13.50 m to 15.73 m in length -
dilated segments. The body walls are monolithically
connected with flank walls (wings) 1.00 m thick. The
break between subsequent stages of concreting of
segments (At) was from 54 to 114 days.

After the removal of formworks off the abutment walls
it was found that in their lower parts, on both sides,
there were vertical cracks of wy = 0.1+0.4 mm width, at

average spacing 2.03+2.25m, range in height
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1.80+5.50 m above the contact zone of the wall and the
foundation plate. The cracks reached up to the half-
height of the walls bodies, and in the wings (connected
with them monolithically) as high as 0.75 of their height.

The cracks in the lower part ran through the whole
thickness of the wall, which was demonstrated by traces
of leakage. The abutment was made of concrete C
25/30, and water curing lasted seven days. After 28 days
the concrete mean cube compressive strength in the
foundation plate was 40.1 MPa (class B 30), and in the
body walls — 47.3 MPa (class B 37).

The wall was reinforced horizontally with bars
2x ¢ 20 every 10 cm, to the height of up to 1.0 m
(Ass = 62.80 cm?/m), higher up with bars 2 x ¢ 20 every
15 cm. It was quite strong reinforcement (albeit insuffi-
cient), which restricted the width of vertical cracks.

On the basis of the concrete mix composition self-
heating values were assessed in the cross-section of
surface module m = 1.89 m!, which produced the
following results:

— self-heating maximum temperature inside the wall
—tw = 57.6 °C,

— self-heating temperature on wall surface -
t, = 22.3 °C,

— mean self-heating in wall — Atg, = 30.9°C.

The average position of wall gravity centre above
wall-foundation plate contact line was
e =413m.

The value of maximum tensile stress in the wall lower
fibres was determined on the basis of thorough
numerical analysis with the application of ROBOT
Millennium 20.0 programme, performed for elastic
state and the value of Aty = 35°C by the present
authors [13]. The isolines of these stresses have been
shown in Fig. 6. The maximum stress obtained was
Otmax = 9.32 MPa.

In reality these stresses are lower due to:
— the foundation plate being warmed partly from the

Figure 6.
Isolines of tensile stresses induced by thermal deformations
(tgr = 35°C) in wall body of the presented abutment [13]
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wall self-heating,

— modulus of elasticity of concrete in the wall lower
than assumed in calculations, in the period of so-
called thermal shock,

— creep deformation of fresh concrete[5].

Adopting, following the authors’ experiences:

Ay = 0.9x0.9 = 27.8°C, Ecm (tr) = 0.8 Ecm,
@p(Tr, To) = 0.6, ageing coefficient x = 0.8 the maxi-
mum stress in question is reduced to the value

27.8 1
=208 9.32=4.00 MPa N
Lm 350 0 14+0.6-0.8 TOMA fom (T0)

= 0.7 fem = 0.7 - 2.60 = 1.82 MPa.

T denotes here the moment of crack formation, while
fem 1s the mean tensile strength of concrete class C
25/30 after 28 day curing.

The calculations above show that due to thermal
stresses induced by self-heating there must appear
cracks in the lower part of the wall. The height the
cracks reach can be evaluated on the basis of Fig. 6
and value fum (Ty), as well as the value of correction

4.0
coefficient £ = ——= 0.429 They may below isoline

932
oo Jan(®) 182 o
T 0429 ’

i.e. in the wall mid-segment — below the height of ca.
hys = 0.366 - 9.90 = 3.63 m.

The cracks reaching higher are cracks in the near-sur-
face zone, induced by summing of through stresses
and residual stresses in section, resulting from non-
linear and non-stationary temperature distribution
in wall cross-section. These stresses are not analysed
in the present paper. An outline of such an analysis
was given in [3].

4. INDUCED SHRINKAGE STRESSES IN
WALLS

In case in question, the shrinkage stresses are generat-
ed by the difference in the values of concrete shrinkage
that appears between the wall constructed later (ele-
ment “2”) and the foundation cast earlier (element
“1”). An evaluation of this phenomenon was per-
formed in [2] for a bridge abutment shown in Fig. 5.
The fact that the foundation plate does not return
humidity towards foundation footing (damp insula-
tion) was taken into account. Also reduced humidity
transfer by the lateral surface of the foundation due to
covering it with ground to mid-height (after concreting
element “2”) was considered. This affected the values

ENVIRONMENT 2/2009
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of determinant thickness of element 4, = z, which

was: "

— for foundation plate — element “1” (before con-
creting of element “2”) — h, = 2.28 m,

— for foundation plate — element “1” (after concret-
ing element “2”) — h, = 2.85 m,

— for abutment body — element “2” (before insulat-
ing the walls from the outside) —h, = 1.06 m.

Shrinkage deformations were calculated according to
Eurocode 2 [8], adopting for the designed class of
concrete C 25/30 and mean relative humidity of air
surrounding the object RH = 70% the following val-
ues:

— drying shrinkage €cdo = 0.389%o,
€caco = 0.04%o0.

Detailed calculations have resulted in:

— autogenic shrinkage

— shrinkage for foundation plate after 114 day curing
— & (114) = 0.0414%0,

— shrinkage difference between element “1” and

element “27:

e after 90 day curing of element “2”
— Aggs (90) = 0.0428%o0,

e after 180 day curing of element “2”
— Aggs (180) = 0.0558%o,

* after 360 day curing of element “2”
— Aggs (360) = 0.0748%o,

e after 720 day curing of element “2”
— Aggs (720) = 0.1030%o0,

e after 1800 day curing of element “2”
— Ag (1800) = 0.1225%o.

As results from the calculations above, difference
Agg () increases continuously with time t. There is
no point in continuing calculations because after two
years (Tt = 720 days) the abutment will be completely
covered with ground and the conditions of moisture
exchange between the abutment and surroundings
will alter. Difference Aeg (t) will begin to stabilise at
the level of about 0.11%0 > gcg % 0.1%0, so it is
probable that cracks will appear in the wall due to
concrete shrinkage alone.

The calculations for the wall of this abutment, per-
formed on the basis of the isolines of stresses of elas-
tic state, given in detail in [13], yielded the maximum
value:

Ocsmax = 2.60 MPa = fu, = 2.60 MPa.

Shrinkage is a long-term load, so the value of stress
calculated above should be reduced due to concrete

creep (for reinforced concrete in phase II) to the
value of ca. [12]:

O-(ZS max = ; GCS max = ; 2'60 =
" 114024, | o™ (140220

= 1.86 MPa < f;m = 2.60 MPa,
> fux = 1.80 MPa.

For the sake of precision of calculations, also stresses
in section of concrete induced by concrete shrinkage
due to resistance of horizontal reinforcement should
be taken into account. However, this effect is negligi-
bly small. For example, for the abutment in question,
reinforced at the bottom horizontally with bars
2 x ¢ 20 every 10 cm (A = 62.80 cm?/m), shrinkage
deformation will be reduced to the value of [1]:

Aey (r)=0.904A¢,,, =0.904-0.11=0.10%

T

At the same time, however, additional tensile stresses

o = 0.125 MPa will be generated in cross-section.
In total then we shall obtain:

Gesm= 0.904 - 2.60 - 0.71 + 0.125 = 1.68 + 0.125 =
=1.80 MPa < fum = 2.60 MPa.

The residual stresses from non-linear and non-sta-
tionary humidity fields in wall cross-section are disre-
garded in our analysis. The problem was presented in
detail in [1].

From the calculations performed in points 3 and 4 of
the present article it results that the vertical cracks in
the walls near their contact zone with the massive
foundations were mainly caused by induced thermal
stresses o, . . In presented example they reached the
value of o, = 4.00 MPa » fo, (t;) = 1.82 MPa. The
shrinkage stresses in time T — oo attained the value of
G oymae = 1.80 MPa < fom = 2.60 MPa.

Shrinkage stresses can, however, sum up with thermal
stresses relaxed by creep. With time t this can enhance
an increment of tensile stresses, which will cause further
expansion of cracking in the walls lower part, above the
contact zone with the solid foundation (formation of
new cracks or larger width of the existing ones).
Assuming after [12] that relaxation coefficient, due to
creep, for reinforced concrete in phase II is approxi-
mately k; = 1/(1+0.3 ¢p), for our case we shall
obtain, for T - oo:

o 1 :
O+ O = [ (1) 180 = ————
o Ve L 03 ) Jon ) 140320 82

+ 1.80 = 2.94 MPa > f,, = 2.60 MPa.
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S. NECESSARY STRUCTURAL REIN-
FORCEMENT IN WALLS

There are various preventive measures to reduce the
possibility of thermal-shrinkage cracks formation,
described in detail in [3]. These are connected with
concrete technology and technology of concrete
works. The most efficient measure, however, which
takes into account climatic conditions difficult for a
designer to predict, in which the structure will be con-
creted, is the application of adequate structural rein-
forcement. To calculate the amount of reinforcement
the formula, given in Eurocode 2 [§8], for the mini-
mum reinforcement amount in view of cracking can
be used:

A
As,min = kc k fct,eff = (1)

s,lim

where: k. — coefficient considering distribution of
stresses in cross-section at the moment
prior to cracking,

k — coefficient considering the effect of non-
uniform self-balancing stresses in cross-
section,

foeff —concrete mean tensile strength at the
moment of expected cracking,

A¢ — cross-sectional area of element tensile
zone at the moment prior to cracking,

Osjim — maximum stress adopted in reinforce-
ment in tension immediately following
cracking, depending on cracks limit
width and bars diameter.

For the case analysed in the present publication the
following can be adopted [1]:

k. = 1.0 - as for axial tension,
k = 1.0 — for wall thickness h < 300 mm,
k = 0.65 — for wall thickness h > 800 mm,
0.7 fem — for thermal stresses,
ferett =
fom — for shrinkage stresses and combined
thermal-shrinkage stresses
Ay =D - hg
hys — height of through-cracks (resulted from detailed
calculations),

os1im — depending on rebars diameter ¢ and crack
limit width wlim.

Value osjim can be calculated from formula [1], [12]:

28 ARCHITECTURE

CIVIL ENGINEERING

K. Furtak

(2
Oslim = Lyk ,|— 2
y ,/(p (2

fyk — characteristic yield point of reinforcing
steel,

where:

¢ — diameter of reinforcement applied,

¢s — reinforcement optimum diameter, ensur-
ing that condition

Wk < Wiim, calculated from formula [1], [12]:

3t Wi - E

s < 5 3
¢ 7, Q)

will be satisfied
where:

T — bond strength between concrete and rein-
forcement; in case of bars cast horizontally
11 = 0.15 fom can be adopted,

fom— concrete mean compressive strength
fom = foc + 8 MPa.

Following Eurocode 2 and PN-B-03264:2002 for
leak-proof structures wiim = 0.1 mm should be adopt-
ed, for regular reinforced concrete structures in
building industry and bridge engineering
Wiim = 0.2+0.3 mm depending on exposure class. In
the opinion of the present publication, sufficient pro-
tection against vertical cracking can be obtained
adopting feief = feom Oraz O jim for wim = 0.3 mm.

Calculating Asmin after the code PN-B-03264:2002 [9]

we would have k = 0.8 — for h < 300 mm and k = 0.5
— for h = 800 mm, and the calculated reinforcement
amount would be Agmin smaller by about 20%.

It should be taken into account now that formula (1)
does not correspond to the task ideally. Tensile force
N acting on the element in question is not constant,
but decreases rapidly the moment thermal-shrinkage
cracking appears, to reach the value N = 0 for a plain
concrete element. Hence the crack resultant width,
when the amount of reinforcement resulting from
formula (1) has been applied, will be w;* and will be
much smaller than wlim. Value ch in the function of
wlim can be estimated from formulae (2) and (3)
assuming that for wim — Wi (Wi — crack width for a
plain concrete wall) force N decreases in a non-linear
manner down to zero. Complete force N and com-
plete value ogim appear only at the moment of
cracking.

ENVIRONMENT 2/2009
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From formulae (2) i (3) it appears that:

PO jim 2
Wiim = — =00, (4)
3t E o

s

which has been shown in Fig. 7. With stress o5 < 0 jim
decreasing in the reinforcement after cracking, value
will be:

Os.li

a " 1
chza ;[ O-szdszgwlim 5)
Wk /(.( A
Wllm/a
/
/
/
//
RC
Wk /ot
'
Gs.llm Gg
Figure 7.

Relationship between wi/a and stress in reinforcement og as
a function of crack width

Hence it appears that adopting wiim = 0,3 mm, when
the horizontal reinforcement has been used in the
amount resulting from formula (1), the real crack
width will be only W< = 0.10 mm, which means in
practice that the condition of wall leak tightness has
been satisfied. This principle proved true when fur-
ther bridge objects on motorway A1, between So$nica
and Belk junctions, were constructed.

Formula (5) also points to the fact that for less demand-
ing structures and difficult thermal conditions con-
nected with concreting Wiim2 = 0.5 mm = 5/5 Wiim,1, for
example, could be adopted (which corresponds to
many observed cases of cracking when there is no or
definitely too small amount of horizontal reinforce-
ment).

In such case, we would obtain in reference to the exam-
ple discussed above (for which wlim,1 = 0.3 mm was
adopted and ¢ - was calculated from formula (3)):

5
¢s,2 = g q)s,l

(%)
Oslim = yk,/L = 1.29 o1im < fyk,
¢
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so, with the given diameter of horizontal reinforce-
ment ¢, its amount could be reduced in comparison
with that calculated originally (for wiim = 0,3 mm) to
the value 1/1.29 Agmin, i.€. by about 22 %. The ther-

mal-shrinkage cracks would then have the width

1
Wik =§ - 0,5 = 0.17 mm < 0.20 mm, which would

correspond to normal reinforced concrete work con-
ditions for which the requirements for leak tightness
do not need to be satisfied.

To satisfy the condition of leak tightness in the abut-
ment body wall analysed in the present article rein-
forcement on both sides should be applied in the
amount:

Oslim = 222 MPa, dla wiim = 0.3 mm i ¢ = 20 mm
100x100
Agmin = 0.65 - 2.60 ———— = 76.0 cm¥m

up to the height hy, = 3.63 m, following the principles
given above.

In the 1.0 m high zone, 2 ¢ 20 every 10 cm with
Ag = 62.80 cm?/m was given, which is 82,6% of the

necessary reinforcement. So, the expected width of
through cracks should be:

Os = ﬂ-222= 268.7 MPa < fyk = 355 MPa,
62.80

ac 20-268.7>

1
w, =—- ~= 0.162 mm.
3 3-0.15-33-200-10

On the height over 1.0 m, 2 ¢ 20 every 15 cm with
Ag = 41.86 cm?/m was applied. This is, to the height
of hys = 3.63 m, only 55.1% of the necessary rein-
forcement. Consequently, the expected width of
through cracks should be:

o5 = ﬂ.zzz

f, = 355 MP
41.86 sk o

the steel yields, there is uncontrolled cracking of con-

crete. For oy = fyx =355 MPa, it would be:

oL 20-355.0°
k3 3.0.15-33-200-10°

=0.283 mm

Should o5 = 403.1 MPa < fy = 480 MPa were adopt-
ed, then
e 1 20-355.0°
We =37 3
3 3.0.15-33-200-10
i.e. a value close to that observed in the body wall
structure.

=0.283 mm = 0.365 mm,
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Over the height hys = 3.63 m reinforcement in the near-
surface zone is practically sufficient, the minimum
amount of which defined in [2] is A = 16.15 cm?*/m
on each side of the section, which is smaller than the
existing reinforcement A = 20.93 cm?/m.

6. CONCLUSIONS

The paper describes the original method of calculat-
ing the thermal and shrinkage induced stresses in RC
walls of tanks with massive foundation slabs. These
walls are usually constructed at large time intervals
with the application of continuous concreting
method. During the first stage of maturing, the
cement hydration heat generates temperature fields
in the walls that resulted in the significant tensile
stresses in the lower parts of walls. In presented
paper the values of these stresses are estimated for
two practical cases. They are the reason for vertical
cracks with the width 0.1-0.4 mm, leading to leakage
and in consequences to walls gradual degradation.
The method for determining the necessary amount of
structural horizontal reinforcement is included, con-
cluding that for the analyzed practical cases the
amount of this reinforcement is insufficient. The
important achievement of the work constitutes the
equation (5) that couples the real crack width in the

wall W with the value wy, for equations (1), (2) and

(3) that are used for the calculation of the optimal
horizontal reinforcement in walls.
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