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Synapsis

An attempt to evaluate the influence of fatigue
loading on the behaviour of ferrocement in flexure is
presented. The effects of cyclic creep of maortar, steel
relaxation and bond deterioration under cyclic Joads
are addressed. An analytical model is proposed; it
predicts, from the fatigue properties of the constituent
materials, the increases in crack widths and deflections
and the deterioration of flaxural rigidity due to repeated
loads. The validity of the model is checked by com-
paring predicted results with experimental obser-
vations on ferrocement beams. A generally good
agreement is found, [t is hoped that the analytical
procedure can be successfully modified to become
applicable to reinforced concrete structural elements.
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Introduction

There has been an increasing interest recently in the
use of ferrocement construction not only for boat hulls
but also in various structural applications such as roofs,
shells, barges, water tanks and silos. Ferrocement
structures are relatively thin, sometimes designed to
be watertight and often subjected to severe fatigue
loadings (barges, boat hulls, etc.). Designing them for
serviceability, that is acceptable overall behaviour
under service loads, in a manner similar to reinforced
and prestressed concrete structures is becoming an
essential part of the design. Serviceability generally

addresses cracking, crack widths, deflections, fatigue,
corrasion, etc. )

A substantial increase in deflections and crack
widths has been reported for reinforced concrete
beams subjected to fatigue loading |1 to 4] as com-
pared to similar results from static loading. However;
very little information on how to predict these effects
is available for reinforced concrete or ferrocement.
With the increasing use of concrete for offshore
structures and ferrocement in varfous structural appli-
cations, such information is becoming vital.

In this paper, a theoretical model is presented to
predict the increase in deflections and crack widths for
ferrocement beams subjected to constant amplitude,
completely reversed repeated loading. The analytical
expressions were compared with experimental data on
ferrocement and considering the variability generally
encountered in such data, a good agreement is found.
It is hoped that with the availability of more experi-
mental data and better understanding of the behaviour,
the model can be extended to reinforced concrete.

The increase in deflection and crack width of a
ferrocement (reinforced concrete) beamn subjected to a
constant amplitude fatigue loading can be attributed
primarily to:

(a) the cyclic creep of the mortar {concrete) in the

compression zone

(b) the progressive deterioration of bond between

steel and mortar {concrete)

{c} the cyclic creép or strain softening of reinforcing

steel under cyclic loading
Contributions of these three mechanisms and how to
predict them are discussed in detail in what follows.
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Cyclic creep of concrete

Croop defoimations of concreto sobjected (oo ey olic
comprassion have been studied and reported by
Whaley and Neville [8] and by Hirst and Noville |G],
Soma of the paortinent results from Refarence 5 are
shown in Fig. 1. Concrete specimens were subjected
to sinusoidally varying cyclic loading at 585 cycles per
minute. For the set of experiments shown in Fig. 1, the
minimum stress {0, ) was kept constant at 5% of the
short-terr static strength, while the maximum stress
{0q) was varied from 15 to 55% of the short-term
static strength. Cyclic creep strains at maximum stress
(the additional strains beyond those caused by the
first application of the maximum stress) are shown in
Fig. 1 for different times {number of cycles). These
cyclic creep strains (full curves) are compared with the
creep strains at the corresponding maximum stress
(0, Under static sustained loading (dashed curves).
It is clear from the resuits that a cyclic variation of
stress from o, to o, leads to a higher creep strain
than when o,,,, is maintained constant. This means
that the creep strain of the compression zone of con-
crete beams subjected to cyclic loading should be a
significant factor in increasing deflections and crack
widths. Similarly to static-creep deformations, cyclic-
creep deformations of the concrete compression zone
will cause an increase in the average tensile-steel
stress, as well as an increase in crack width and
deflection.
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Figure 1 Variation of concrete creep strain with time

{from Whaley and Neville}] .

Based on their test data, Whaley and Neville [5]
have shown that the cyclic creep strain can be
expressed as the sum of two strain components: a
mean strain component and a,cyclic strain component,
_The mean strain component is the creep strain pro-
duced by the static mean stress (g, =(0,,,, +a,; /2).
The additionai cyclic creep component was found to
be dependent on both the mean stress g, and the
stress-range A {A=q,  ~0,.). They proposed the
following predictive equation for the cyclic creep
strain:
e, = 1280 {(t'/3 + 38780 /) (1)

<

where £ is the cyclic creep strain in 10 “invin
Vs the stress-range espressoed as a fraction
of the compressive strength
o, is the ntean stress expressed in a similar
way
and t is the time from the start of loading in hours.
The operating frequency for their experiment was 585
cycles per minute or 9.75 cycles per second. It seems
likely however that the additional cyclic creep com-
ponent also depends on the frequency of cycling. Thus
in order to make Eq. {1) applicable to frequencies other
than 8.75 cycles per second the second term of Eq. (1)
was multiplied by a factor, assuming direct pro-
portionality to the frequency, as shown below:

¢ = 1290 [t'/3 + 3.871\(_11)’/3] {2)
¢ ™ 9.76

where f is the frequency of loading in cycles per
second. As f=N/3600t {where t is in hours) Eq. (2}
can be modified to make the cyclic creep strain
dependent on the number of cycles N instead of time
as follows:

¢ = 8.417am[(g)'/3 + 3.87&(_N_)l/3} (3

f 9.75

where £ isin 10 ® strain units.

Knowing the maximum and minimum stress, the
number of cycles and the frequency of loading, the
creep strain can be predicted from Eq. 3. This equation
is compared with the data of Fig. 1 in Fig. 2. As noted
by Whaley and Neville [5] the fit may be considered
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Figure 2 Comparison.of experimental data and predictive
equation for concrete creep strain

acceptable for values of o, <0.45. For ferrocement
beams the above limitation is, in most cases, not
restrictive as the dead load {weight) is generally smail
in comparison to the live load thus leading to a small
value of o, and thus a small o,

Fig. 2 and Eq. 3 were used to develop an analytical
model applicable to ferrocement beams with the
following observations and justifications:

{a} Ferrocement beams consist of mortar whereas
the data in Fig. 1 are for concrete. However, it has
been shown that the behaviour of concrete, mortar and
hardened cement paste subjected to fatigue loading
are comparable provided the stresses are expressed as
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a function of the compressive
strength [7].

{b} Concrete specimens [Ref. 5] were not subjected
to any drying during loading. Although no precautions
were taken to prevent drying during loading of the
ferrocement beams tested in this investigation, they
were likely to have reached hygral equilibrium before
loading because they were very thin (12.5 mm).

{c) The ferrocement beams tested in the experi-
mental programme were subjected to completely
reversed loading. Thus, assuming cracking would have
occurred under tension, the minimum stress of the
extreme concrete fibre was either zero at the crack or
very small between cracks. Note that the minimum
stress of concrete specimens in Fig. 1 was also close
to zero {0.05 times the compressive strength).

Eq. 3 was used to develop a cycle-dependent
"stress-strain” curve for mortar in compression. Creep
strains were calculated for mortar subjected to up to

corresponding

1,000,000 cycles at a frequency of 4 cycles per second

and up to a maximum stress of 50% of the static
strength. Minimum stress was always assumed to be
zero. Addition of the creep strains to the strains cor-
responding to the static stress-strain curve vields the
total strains for a particular number of cycles, Using
these total strains, a cyclic stress-strain curve was
developed. Fig. 3 shows the plot of these curves at
1, 103 10% 10° and 108 cycles. Note that these curves
are not the stress-strain curves in the traditional sense.
That is, if the specimen is loaded up to a certain
number of cycles, unloaded and reloaded, it will not
follow the curve in Fig. 3 during the reloading. The
curves in Fig. 3 simply give the strain at a given
maximumn stress after a certain number of cycles of a
constant amplitude repeated loading with the same
maximum stress and zero minimum stress.
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Figure 3 Strain increases in concrete at maxinwim Stress
due to fatigue

Although not necessary, it is simpler to assume that
the curves shown in Fig. 3 are linear. In that case, one
can define a cyclic modulus of elasticity of mortar at a
given number of loading cycles N as:

= Umax (4)

9)
max

T Y&
m

EmN

where E is the static secant modulus of elasticity of

- mortar and £, is calculated from Eq. 3. It was shown -

in Ref. 8 that the error in strain calculated by using
Eq. 4 instead of the nonlinear curves is negligible
{generally less than 1%).

The stresses in concrete and in the steel of a ferro-
cement beam subjected to a static service load (up to
60% of the load corresponding to the yielding of the
outermost steel) can be calculated using the so-called
elastic cracked-section analysis [9]. For this analysis,
the contribution of mortar in tension is ignored, while
maortar in compression and steel in tension are
assumed to be linear elastic. Thus, knowing the cross-
sectional properties and the moduli of elasticity of
mortar and steel (E, and E.) one can calculate the
stresses and strains at the maximum load for the first
cycle of fatigue loading. if instead of E,, and E_. Ey
and E,, are used, then stresses at a cracked section
for any subsequent cycle can be computed.

Cyclic creep of steel

Existing literature deals with the different classes of
metals (with different heat treatments) which exhibit
cyclic hardening or cyclically stable or cyclically
softening behaviour [8]. All the experimental results
available are for low cycle fatigue with a maximum
stress higher than 70% of the uftimate strength. It was
not clear from the published results whether the cold
drawn, galvanized wire meshes generally used in ferro-
cement and subjected to stresses within the elastic
range will exhibit cyclic creep. As a result tests were
carried out to determine the cyclic stress-strain curves
of the wire meshes used in this investigation.

Wires from three different types of meshes {welded
wire mesh with a square opening of 12.5 mm, woven
square wire meshes with 12.5 mm and & mm openings
having wire diameters of respectively, 1.0mm, 1.0 mm
and 0.6 mm} were tested in tensile fatigue. They were
subjected to a constant amplitude fatigue loading;
there were three amplitudes for each type of wire and
both the maximum and minimum stresses were always
tensile. The values of the stress ranges of wires were
comparable to those experienced by meshes in ferro-
cement beams. The load was monitored through a load
cell’ while the strains were calculated from the cross-
head motion of an MTS Universal testing machine.
Although it would have been desirable to test wire
meshes rather than individual wires, tests on meshes
gave highly erratic results as the load is not necessarily
evenly distributed between the wires. It was assumed
that behaviour of wires tested in air is representative
of the behaviour of wire mesh in mortar.

Fig. 4 presents typical cyclic stress-strain curves as
obtained from the tests. Other results and details are
given in Ref. 8. The curves shown are for the 12.5 mm
welded wire mesh subjected to a maximum stress of
57.6% of ultimate strength. Note that the curves were
moved by 0.00036 mm/mm for every consecutive
reading for clarity. The total creep at 209,000 cycles
{98.7% of fatigue life} was about 2.77% of maximum
strain. The other tests also showed only similar negli-
gible strain increases {less than 3% of maximum
strain). In one particular test with the 6 mm woven
mesh a maximum stress of about 97% of ultimate



strength was used. Neglecting the strain increases for
the first coupie of cycles which are due to the straight-
ening of the wire itself, the cyclic creep strain before
failure amounted only to about 9% of the maximum
strain. So, it was concluded that for the three types of
meshes tested and for the steel stresses in the normal
working range, there is no substantial cyclic creep and,
therefore, the meshes can be classified as cyclically
stable in the working stress range; hence E , =E,.
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Figure 4 Typical stress-strain curves of welded wire mesh
at different loading cycles

Bond deterioration

When reinforced concrete beams are subjected to
fatigue loading progressive deterioration of bond
batween steel and concrete is observed [10}; the
failure of reinforced concrete beams is often accom-
panied by bond failure. The progressive deterioration
- of bond means progressive increase in crack widths,
decrease in the contribution of concrete in tension
between the cracks, and increase in deflection. The
same phenomena are likely to occur in ferrocement.
The contribution of concrete in the tension zone
between the flexural cracks is accounted for in the
design of reinforced concrete beams subjected to
static service loads by the following empirical formula
recommended by American Concrete Institute Code
(318-77) [11]:

M J
ieff-= Ir.'r * (M_(;r) “g _ICr) < Ig (5}

where 1.4, |, and 1, are.the effective, cracked and gross
moment of inertia, M, is the maximum value of the
applied moment along the beam, and M, is the crack-
ing moment given by M, =1l f/y, such that { is the
modulus of rupture of concrete and y, is the distance
of the extreme tension fibre from the neutral axis. Note
thet according to Eq. 5 when M, becomes very large
bond is completely broken and I, =1,. On the other
hand, if M, is equal or less than M., the concrete in
the tension zone contributes fully and |4 becomes |,.

During the cyclic loading, the concrete {(or mortar)
between the cracks and surrounding the reinforcement
is subjected to tensile fatigue. Thus, its modulus of
rupture, f, decreases with increasing number of cycles.

"

The relations between the modulus of rupture at first
cycle and that at a number of cycles N can be

expressed as:
05log, N
=1 (1- 1) (6)
r 5.477

Eq. 6 is based on data from Ref. 12 and from
the observation that the fatigue strength of concrete
is the same in compression, tension or flexure, when
expressed as a fraction of the corresponding static
ultimate strength [7]. If Eq. 6 is used to calculate the
cracking moment M., then M, decreases with the
number of cycles, and as a result the stiffness of the
beam given by |4 also decreases with the number of
cycles. This approach was used to account for the
effect of bond deterioration on deflections and crack
widths as shown in the next section, Note the bond
deterioration here is assumed directly related to the
reduction in tensile strength [13].

Calcutlations of crack width and deflection

The proposed procedure to calculate the deflections
and crack widths at increasing number of cycles is
outlined below. The effects of dynamic creep of mortar
and the progressive deterioration of tensile strength
between cracks and consequently bond is included in
the analysis. It is assumed that mortar in compression
and meshes behave linearly efastically and that the
cyclic stress-strain curves for mortar are linear
{(Fig. 3). These assumptions are simple and realistic for
the service loads considered here. A nonlinear analysis
was carried out for compatison and it was shown that
the approximate linear analysis gave satisfactory
results [8]. The steps described below are for a given
cross-sectional properties of a ferrocement beam, a
given maximum moment, M,. a given number of
cycles, N, given moduli of elasticity, E,, for mortar and
E, for meshes, and a given modulus of rupture of
mortar, f,.

1. Calculate |, and vy, from the cross-sectional

dimensions and properties of materials {E,, and
E,). using uncracked, transformed section.

2. Calculate the maximum mortar compressive
stress, o,,, under the static bending moment

M, from the cross-section properties and the

properties of materials (E,, and E,} using cracked

transformed section.
3. Calculate the modulus of rupture of .concrete

f. at a given number of cycles using Eq. 6.

4. Calculate M_, , from:
|
Mcr,N - Vgt fr,N {7

Note that by expressing the cracking moment as

a function of number of cycles, the effect of

tensile strength and consequently bond deteriora-

tion are accounted for,

5. Calculate E,,  using Egs. 3 and 4. Note that E,
is the modulus of mortar after N cycles of loading.

6. Calculate |, from the cross-sectional properties
and properties of materials (E_,,, E,), using
cracked transformed section.

7. Calculate | 4, from:



M:crN 1
!eff,N - [cr,N * M. “9 i Icr,N) (8)

a

Note that Eq. 8 gives the effective moment of
inertia for a given cycle and includes the effects
of mortar creep in the term: l,n and bond
deterioration in the term: M_, .

8. Calculate the deflection of the beam after N
cycles of loading from the flexural rigidity of the
beam given by: E_  and .

9. The values of average crack width at a given
number of cycles can be calculated from:

wy = 56 e
where wy, is the average crack width after N
cycles of loading, S is the transverse wire spacing
and €&, is the average tensile strain in the
tension face of the beam after N cycles of loading.
This formula was shown to provide upper bounds
to the experimental results obtained from static
loading of ferrocement beams [9]. Note that
£.n Can be calculated from M, I, and the
corresponding  location of " the neutral axis
obtained in step 6.
This procedure can be repeated for other
values of the maximum moment, M,, and/or
other values of the number of cycles, N.

Comparison with expérimental results

Extensive experiments were carried out on ferro-
cement beams reinforced with various amounts and
types of steel meshes. All specimens were 457 mm
long, 127 mm wide, and 12.5mm thick and were
tested in third-point loading arrangement with a span
of 3B1 mm. The three types of meshes used were
described earlier. For each type of mesh, 2, 4 and 6
layers were used. Beams were subjected to fatigue
flexure with three levels of reversible load (P) cor-
responding to approximately +40%, +50% . and
+60% of the static load (P} which leads to the
yielding of the outermost Iayer of steel. The frequency
was 4 cycles per second and loading was stopped at
failure or one million cycles whichever occurred first.
During testing, accurate measurements of crack widths
and deflections were recorded at the maximum load
and at different number of cycles. Experimental details,
results and analysis of more than 100 beams tested in
this programme are presented elsewhere {8, 14]. Some
relevant data for specimens reinforced with welded
meshes ‘are given here to illustrate the results.

The load-deflection curves for two specimens
reinforced with four layers of welded wire mesh and
subjected to repeated loads of magnitudes P=+0.4 P,
and P=+0.5 P, are plotted in Fig. 5. Only half of the
load-deflection curves are shown at different number
of loading cycles. The deflections were recorded under
the load point. Table 1 gives the values of the stress
range in the outermost layer of mesh, the maxirmum
mortar stress O, and the average number of cycles
to failure N, for the test series reinforced with welded
wire maeshes. It can be observed that the calculated
stresses are relatively small, thus the assumption made
in the analytical procedure that mortar and steel
behave elastically is a reasonable approximation.
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beams at different cycles of loading
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Figure 6 Experimental and predicted deflections of
ferrocement beams at different cycles of loading fwelded
mesh)

Figures 6 and 7 show the theoretically calculated
deflections and crack widths {according to steps 1-9
outlined earlier) and the corresponding experimental
values for specimens reinforced with four layers of
welded wire mesh. Experimental points obtained for all
three specimens tested under identical conditions are
shown. Note that for each specimen and for each cycle
of observation, crack widths were measured at each
crack at two locations. Thus, each experimental point
in Fig. 7 represents the average of up to 20 measure-
ments. The analytical curves were plotted up to the

- highest number of cycles to failure that was attained

by three identical specimens. Similar comparisons
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were made for the ferrocement specimens reinforced
with other types of meshes and different amounts of
reinforcement. Figures 8 and 9 show the results for the
specimens reinforced with four layers of the 6 mm
woven mesh,

It can be observed that the theoretical curves give
satisfactory predictions, noting that in general crack
widths and deflection measurerments show very large
scatters, especially near failure. Similar agreements
were observed for all the specimens tested in this
investigation [8].
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Conclusions

1. Increases in deflections and crack widths of rein-
forced concrete structural elements subjected to
cyclic loading can be significant, and should be
accounted for in order to achieve a safe design.
This is particularly true for ferrocement elements

Table 1 Average fatigue life resuits for specimen reinforced with welded mesh (12.5 mn 5q. opening)

Ltevel of Load P=zx 0.4Py
Number of S o N A
r max f r
Layers
2 270 0.168 463,33 314
4 287 0.192 505.00 368
6 301 0.226 359.33 368
&
Sr = Stress range in the outermost mesh layer, MN/m?
fv = Yield strength of steel was 517.5 MN/m?
a =
max -
N = Average fatigue life { of 3 specimens x 1073 }

P=+05pP P=t06P
4 4
0max Nf Sr Umax Nf
0.209 95.00 356 0.252 41.67
0.255 87.00 420 0310 47.67
0.276 124.33 434 0.343 31.00

Extreme fibre mortar compressive stross expressed as a fraction of mortar compressive strength { 53 MN/m? )



where live loads introduce stresses of magnitude
substantially higher than those due to the dead
load.

. The procedure proposed in this study to predict

crack widths and deflections of ferrocement beams
under cyclic loading gave acceptable results in
comparison to experimental observations. It has the
advantage of using a linear elastic model while
accommodating the cyclic creep of mortar in com-
pression and the cyclic deterioration of tensile
strength of mortar between cracks. As bond and
tensile strength are related, the procedure indirectly
accounts for the bond deterioration at the interface
of mortar and mesh [13].

As ferrocement and reinforced concrete are essen-
tially similar in nature, it is likely that the approach
developed in this study to predict the effect of
repeated loads on cracking and deflections of
ferrocement, can be modified to apply to reinforced
concrete as well.
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