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ABSTRACT

This paper reports on a study of flexural behavior of steel reinforced ductile engineered cementitious composite
(ECC) members, ECC materials show extraordinary levels of strain ductility in tension (2-4%). Multiple micro-
cracking in ECC delays fracture localization typically observed in normal concrete. Based on experimental
stress-strain curves for ECC and reinforcing steel, a typical clastic-plastic model is assumed to derive the
moment-curvature relation for reinforced beams in flexure. The resulting closed-form formulas are used in
prediction of ultimate flexural capacity and ductility of beams made of ECC. Substantial difference in beams
performance shows beneficial features of ductile ECC material. Direct design examples for beams and slabs
using ductile or brittle materials present quantitative comparison of flexural behavior of structural members for
typical design cases.
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INTRODUCTION

Ductile engineered cementitious composite is characterized by an ability to sustain equal or
higher levels of loading after first cracking, while straining is significantly higher than the
elastic limit. The high strain ductility can be achieved by controlling the composite
ingredients of fiber, matrix and interface so that cracks initiated from defect zones do not
result in fracture localization [1]. Instead, the bridging fibers transfer the tensile load back into
the matrix to create additional microcracks. One such ECC material extensively studied
contains 2% of PolyVinyl Alcohol (PVA) fibers of 40um in diameter and 12 mm long have
been demonstrated to achieve strain ductility exceeding 3% under uniaxial tension [1,2].
During tensile straining of a ECC specimen, steady state crack propagation occurs with
multiple dense cracking developing, and preserving stable crack opening at about 60 sm .
Typical experimental stress-strain curves in uniaxial tensile test are shown in Fig.1. The
experimental curves show a non-softening trend with strain capacity over 300 times that of a
non-reinforced concrete matrix.

Application of a new type of high performance material in engineering practice
requires extensive analysis of the structural members response in order to develop design
guidelines. The high ductility and tight crack width features of ECC is expected to provide
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significant advantages in ultimate and serviceability limit states of structural members under
tensile or flexural loading. Full benefits of such material, such as increased moment or shear
capacity of structural members, can be addressed in design procedures using a material model
different from that established for ordinary concrete.
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In this paper, flexural analysis of reinforced ECC slender beams is presented. Utilizing
available uniaxial tension and compression tests results for ECC, as well as properties of
reinforcing steel, a simple idealization of stress-strain curves is assumed. Using strain
compatibility and constitutive relationships of constituent materials, closed-form formulas for
moment-curvature relations are derived. Closed-form formulas are used in prediction of
ultimate flexural capacity and curvature ductility of reinforced beams made of ECC, and they
are very useful in parametric study. Comparison of designs performed for ductile ECC and
ordinary brittle concrete highlights beneficial properties of ECC when used in structural
members under flexural loading.

BASIC ASSUMPTIONS

Based on experimental stress-strain curves for uniaxial tension (Fig.l) and uniaxial
compression tests for ECC, some idealizations and simplifications in material descriptions
were carried out. Linear elastic and then perfectly plastic one-dimensional material model was
assumed because of its simplicity and easy application. The behavior of ECC is defined as,
=T O =B S EE 8y
o=y Eg for —g.2€62¢, 1
o, for Egp SES &y,

where £,. and £, are elastic limit strain in compression and tension, o . and o,, are the

elastic limit stress in compression and tension. Elastic (Young’s) modulus for linear elastic
range is defined by formulas, E, =0,./&,. =0, /&;. Ullimate strains in tension and

compression, £, &, are defined to control stable straining of material.
The behavior of reinforcing steel is assumed to be linear elastic and then perfectly
plastic, and is defined by the following relationship,
-f, for SR,
o, =4 Eg, for gL S 2)
£ for Ey < E; &,
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where £, is elastic limit strain, f, is elastic limit (yield) stress, E, = f, /g, is elastic
modulus for steel in linear elastic range. The ultimate strain in reinforcing steel g, is typically
several times larger than the ultimate tensile strain in ECC, and this parameter will not be
critical in the performed analysis.

Assumption of plane cross-section of a beam is adopted in the following derivation of
basic equation for bending of slender beams. The assumption states that beam cross-section
remains plane in any stage of beam deformation. Neutral axis (or generally a curve) is defined
as the position of points of a beam’s cross-section where no axial strains and stresses occur,
and its vertical displacement is given by the function w(x). According to the assumption, the
horizontal displacement, u , of a point in distance of z from the neutral axis is expressed as,

u(x,z):—z%(x):—z tgp=—zp(x). (3)
Then, the axial strain is defined as,
2 )
e(x,z)= aug’::z) =i ddv;gx) = zx(x), 4

where x{(x) is the curvature of a bent beam, and @(x) is the slope. The relation between axial
strain and curvature given by (4) is often called the strain compatibility.

MOMENT-CURVATURE RELATION FOR SECTION

The moment-curvature relationship for cross-section is determined by considering
compatibility conditions of the section, (4), and the stress-strain relations of the constituent
materials (1) and (2). For simplicity, a rectangular cross-section with single layer of
reinforcement will be assumed in the following analysis, but presented approach can be
applied to any symmetrical cross-sections with multiple layers of reinforcement. Perfect bond
between reinforcing steel and ECC is assumed, what is experimentally observed [4].
Assuming pure bending, derivation of the moment-curvature relationship involves the
assumption of various levels of strains in the cross-section, corresponding to the different
stages of loading. Stress distribution defined according to the constitutive low is integrated
over the cross-section area. Zero axial force condition defines the compression zone depth,
which subsequently is used to obtain the moment capacity of the cross-section.

The complete moment-curvature relationship is subdivided onto five phases depending
on the load level and reinforcement ratio. Phase I is determined by the linear elastic behavior
of constituent materials in the cross-section. Phase II is defined with the assumption of
elastic-plastic behavior of ECC in the tension zone, and elastic behavior in the compression
zone, while steel is in elastic range. Phase III, with elastic-plastic behavior of ECC in the
tension zone, and elastic behavior in the compression zone; steel reaches yield stress. Phase
IV, valid only for high reinforcement ratios, covers elastic-plastic behavior of ECC material in
both, tension and compression zones, while steel is in elastic range. Phase V occurs with
elastic-plastic behavior of ECC material in both, tension and compression zones, and steel is
plastic. The basic idea of the proposed phase subdivision is explained in Fig.2, and Fig.3,
what summarizes the analysis performed in this section. In the following derivations, each
phase is considered separately and closed-form solutions for moment-curvature relations are
obtained. Limits of application for each phase are defined, and some characteristic values of
moment and curvature are given. Formulas for other parameters involved, such as: the depth
of compression zone, and cracking and crushing zone depths are also given.
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In the case of strains and stresses linearly distributed in beam cross-section (Fig.2a),
the moment-curvature relationship and compression zone depth, ¢, can be expressed as,

R 4& ~ _ s 1+2&8
m, = {Hé?+1+25[1 38(1 5)}}!{,, e ) 5)’% ®)

where scaled moment m=M/M_ and curvature k=x/k, are used throughout this

analysis. The elastic limit curvature, x,,, and moment, M, for an un-reinforced rectangular

ECC cross-section are given by formulas,
2g 20,
K = _ho_r = h_EL:"T_ and M= ?O'or (6)

The elastic bending stiffness of an un-reinforced beam 1s then: EJ =M /k,. The

dimensionless parameters p, & and § in (5) stand for reinforcement ratio, modular-

reinforcement ratio and effective depth ratio, respectively:
A

E
i 4 ey e d F=" 7
B ¢ pEf pn, an o ™

Further notation is explained in Fig. 2. The actual moment, A, and actual curvature, &, in
(5) are lower than the elastic limits in phase I. The end of elastic behavior of the cross-section
is reached when in exterior fibers of beam tensile stresses are equal to the elastic limit stress
O, - Elastic limit curvature and moment of reinforced cross-section are,

g PEE o 1+4g1-35(1-8)] ®
LTS L BT 142f1-8)
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Phase I1.
Phase Il of cross-sectional behavior begins when strains in the ECC matrix exceed the
elastic limit, &,,, in the tension zone (Fig.2b). The condition of zero axial force yields to the

evaluation of depth of the compression zone, ¢, and then cracking zone depth :

ey _[‘/5(25+§)+1ik£_i—§}h, 7 :(1-%};—%. 9)

The moment-curvature relationship can be expressed as follows,
1+ 5
my =3+6E(1+E+8)+4E028% +38(8+ 28 ) - 2[1+ £+ 4505 + O [£(25 + &)+ (10)

When the elastic limit stress in steel, f,, is reached, the end of elastic behavior of
steel defines the end of the phase. Using the ratio, y = &, /£,, , the corresponding curvature is,

1+ 7€ + 8(y—1)+(1+ 31+ 3¢ + 28 (- l)]
25°

In the case of highly reinforced cross-section, the end of elastic behavior of ECC in

compression region can be reached, before steel starts to yield. At this stage of loading,

compressive stress in external fibers is o, and using parameter 8 = o,/ &, , the curvature

kyy =

(1m

is,

i o BE-1eN 20+ pYSE+(BE-IF -
ples 45‘5
Balance point (see Fig.3, point B), reflecting simultaneously reached limits, f, for steel and
Oy , for concrete, can be evaluated comparing (11) and (12). The balance point

reinforcement ratio, &, curvature and moment for this point are given by the formulas,

_s0+p) 1 _B+y il " (1+ﬂ)aT
5372}/(”@ y—np,,, &= o m, =3(1-28)+(28+3y 1)[ B | (13)
Phase TII.

Phase III governs when tensile strains in concrete composite are greater then elastic
limit, &;,, in a part of beam cross-section, and reinforcing steel yields in tension, whereas
concrete remains elastic in compression, see Fig.2c. This case is typical for tensile controlled
failure path of a cross-section. The compression zone depth,c, and moment-curvature
relationship is then as follows:

o 1+7§_L P . 1+y§ .
cm{ p yjh, w = 31+26%¢) (1+y§)1f (14)

The end of elastic behavior in compression is reached when compressive stress in
exterior fibers is equal to G, . Then, the curvature and moment for the end of the phase I

are

S
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Phase IV,
In phase IV, strains are greater then elastic limit in tension, £,,, and in compression,
strains are greater then elastic limit in compression, &,., while reinforcing steel remains in

the elastic range. This case is appropriate for compression controlled failure path of a cross-
section. Axial force and bending moment can be calculated using stress diagram shown in
Fig.2d. The compression zone depth, ¢, and crushing zone depth, s, can be obtained as,

B 1+ Ak 4285 k)

= h, = ,——ﬁhj 16
e ak(1+ B+28k) S =Cn {8

2k

while moment-curvature formula can be expressed as

Yo por]-EBY | SB-UPA B A+ pli- o0+ BT 3elp-th-depll, 3681 . (17)

my = 3[(1 -4

4t 16k 1+ pr2&) (1+8+28) 1+ p+2&) 4k(]+ﬁ+2§?c]
When yield stress in steel, f, , is reached, the end of phase IV occurs, and curvature is,
e (1+ﬁ}(ﬁ_1+2?) (18)

ks = :
A1+ gl -1+
Another possible end of this phase occurs, when the end of concrete composite ductility in
compression, £, is reached before steel starts yielding. Then, introducing A =g, /g,., the
value for curvature is,
o BAE1+:26E(0+ P+ BRA-D)]+ (A1)

uce — 4 5‘5 7
Simultaneous reaching of £, in concrete composite and f, in steel can be derived by
comparing (18) and (19), (see Fig.3, point C). Then the reinforcement ratio for this state is,

8-2y-284(1-6)+(21-1)5
Ce = =npc.
2y(y+ i)
and the characteristic values of curvature and moment are given by the formulas,

2 =ﬁﬁi’% 5 m, :3[(1_5)2+ﬂ52]_ (l+ﬁ)§ [1+ﬂ(l;v3i’(;i;l)+ﬁ(3y—l)] (21)

(19)

(20}

Phase V.
In the case of strains in compression greater then £, , and stress in steel equal to f;,

phase V of cross-sectional behavior occurs, Fig.2e. The depth of compression zone and
moment-curvature are,

L+l F-1 3B 3602+) (1+8)
%= L+ﬁ 4k}h’ My e g T 148 16k @)

When ultimate strains, &£, are reached, the ultimate curvature and moment are,
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LAl QA-DE] 3B e 3601E) (144 )

o 41+ %) ’ Ly 1+ [1+(22-1)8F°
For a very lightly reinforced section, compression failure mode controls the ultimate strain
capacity when the strain ratios, 4, and @ =¢,, / £, , fulfill the following inequality,

23)

1 2a-1
A<E+W:/{&A 3 (24)
where A, is the balanced strain capacity failure factor, reflecting simultaneous reaching of

strain ductility of ECC in tension and compression. In cases other than (24), tension failure
mode controls sectional failure. Then, the ultimate curvature and moment are as follows,

(4 p)2a-145) 38 e ) (L BB Y
=) ¢ L T 1 Gaaegl )

Tension point (see Fig.3, point 7), for simultaneous reaching ultimate strains in compression
and tension in BCC material, can be evaluated by comparing (23) and (25). Then, T point
reinforcement ratio (for A < A, ), curvature and moment can be expressed as,

_1-p-20e-p4) _a+pi 38 o Q) __(+8)
g g s e S e 2O

Asymptotic ultimate capacity of reinforced ECC cross-section is reached when & — oo . Then,
the estimation of ultimate bending moment and depth of compression zone give values,

3 _3¢02+y) e,
mﬂiy&f +8 ’ W 1+ﬁ #h

In Fig.3, the relationship between moment and curvature with explanation of notation used in
foregoing derivations is shown. Curvature and moment are scaled by elastic limits (6), defined
for an un-reinforced ECC cross-section. All characteristic parameters for curvature and
moment are plotted for the five phases of behavior previously described and discussed. In
phase I, moment-curvature relationship is linear, while in other phases II, III, IV and V is
nonlinear. Four moment curvature relationships for characteristic reinforcement ratios
P =0, pr, ps, po are plotted. Boundaries between phases are also plotted in Fig.3 with given

characteristic strain in concrete or steel, related to the appropriate limit.

mU:

Fig. 3. Subdivision of moment-
curvature relationship onto five
phases in function of
reinforcement ratio with
& identification of characteristic
‘z— boundaries and points, where
1k m=M/M, and k=x/x,.
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ANALYSIS OF RESULTS AND PARAMETRIC STUDY

In this section, basic analysis of moment-curvature relations and graphical interpretation of
results are presented. Typical data for constituent materials are assumed and characteristic
parameters involved in the model are obtained. Parametric study is mainly focused on the
influence of reinforcement ratio, as well as on moment and curvature capacity for beams
cross-section,

Based on experimental uniaxial compression and tension tests for ECC composite,
characteristic strain and stress values have been estimated and used in the following
calculations. Compressive strength and modulus of elasticity are estimated as: /. = 60 MPa ..

Tensile strength of concrete is: &, =5.3MPa, and structural compressive strength is
assumed to be: &, =0.887",=53MPa. Characteristic values for elastic limit strains are
caleulated as: &, =0, /E, =0.0003 and &, =0,./E, =0.003. Ultimate compressive and
tensile strains are estimated as: £,. =0.0045 and &, = 0.033. Based on these values, basic
dimensionless material parameters can be obtained: f=¢6,./0,, =10, A=£,./£,=135,
and & =&, /&, =110. Properties of reinforcing steel are: £, =200GPa, f, =420MPa
and &, =0.00021. Then, n=E /E =114 and y=¢,/&, =7.0 can be calculated. For this
study, concrete cover ratio is assumed to be: & =0.85. Balanced failure factor is 4,, =1.6,

which defines compression controlled failure for lightly reinforced cross-sections.
Reinforcement ratios for characteristic points are: p, = 2.54%, p. =4.34%.

The relationship between moment and curvature for several reinforcement ratios is
shown in Fig. 4, where characteristic boundaries and points are explained. Characteristic
values of curvatures and moments are: &, =10.00 x,,, M,=10.00M ., k.=12.94k,

M.=14.73M,,. For the given material data, 1<4,

al 2

the compression controlled failure
oceurs for un-reinforced cross-section, without 7' point in Fig.4. Ultimate capacities of
curvature and moment for un-reinforced cross-section are: k. =57.75, my,, =2.70.

m

16
14 S j%, ©° =L
5 A pl=3% -
10 )/;‘f.ﬁ":B Fac
» W ES—e =7 B Fig. 4. Moment-curvature curves
i [//7 /\_IL 0 = 1% for several reinforcement ratios.
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From the figure, it is easy to read an increase in moment capacity due to amount of
reinforcement applied, as well as decrease in curvature ductility as a function of
reinforcement ratio. Curves given in Fig. 4 clearly identify that there is no sudden drop in
moment capacity after the first cracking. A sudden drop in moment capacity is typical for
ordinary concrete, especially for lightly reinforced sections [3]. In case of ECC matrix applied
in reinforced beam, moment-curvature curves indicate hardening behavior in the full range of
curvatures, up to ultimate capacity. This occurs because of the continued tensile load carrying
capacity of the ECC material, beyond its elastic limit.
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The compression zone depth as a function of curvature and reinforcement ratio is
presented in Fig.5a. Rapid decrease of compression zone in the cross-section is observed in
phases II, III and V, for lightly reinforced sections. For highly reinforced sections,
compression zone remains on relatively constant level with low curvature ductility, which is
characteristic of sudden compression failure mode. In Fig.5b, cracking zone in tension and
crushing zone in compression, are plotted as a function of curvature. In phase II, rapid
development of cracking zone is observed. In phases I1I, IV and V, development of cracking
zone is not as rapid as in phase II, and stabilizes for highly reinforced sections. Crushing zone
develops rapidly for highly reinforced sections, especially in phase IV, what reflects brittle
failure mode.

fe lh rih g Crushing in Compression_

: r 10 0.0
gﬁg_;gﬂi %5' p =5% il } p=0%
®‘QM—"\“ p =/4% 08 ; : o2
05 I ey = 1%,

Ty \:\\P i = 2% [ yslh
X . N (Cracking in Jension /
o f‘?\ L 04
02 &
[ S i o 02
; PE0% 1k L i
a) o 10 20 30 a0 b)*% % 5
Fig. 5. a) Compression zone depth; b) Cracking and crushing zones development.
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Fig. 6. Characteristic curvatures (a) and moments (b) as functions of reinforcement ratio.

Relationships between reinforcement ratio and characteristic curvatures, and
corresponding moments are shown in Fig. 6. Fig.6a shows a decrease in curvature capacity
(ductility) due to the amount of reinforcement applied. Different trends for characteristic
curvatures can be observed for different curves. Elastic limit and ultimate ductility of ECC in
compression decreases in hyperbolic manner with an increase of reinforcement ratio. These
limits typically govern design in structural applications, when tension controlled failure
(ductile) is a desired behavior for a structural member at ultimate load. Fig.6b shows an
increase in moment capacity due to the amount of reinforcement in the cross-section. It can be
observed, that the moment increase is close to linear for all phases of cross-section behavior,
Two characteristic points, B and C, initiate deviations in the trend of moment increase,
However, there is very little increase in elastic capacity due to reinforcement increase.
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DESIGN EXAMPLES FOR BEAM WITH ECC AND ORDINARY CONCRETE

Moment capacity is calculated for two beams, made of ordinary concrete and ECC, with
identical cross-section and reinforcement equal to maximum reinforcement permitted by ACI
318 Code, to enforce ductile failure mode. This maximum reinforcement should be no more

that0.75p, , where p, is the balance failure percentage of reinforcement equal to 4.74% for

ordinary concrete beam, and 5% for ECC beam. Compressive strength, equal to
£."=8700 psi (60 MPa) is the same for OC and ECC material; reinforcing steel with

yielding strength of f, = 60,000 psi (Grade60) is used in both beams.

For the design calculation below, the percentage of reinforcement used in both beams, p, is
assumed equal to,

p=075x00474 =0035 (35%)

. - =~0.0045 0855
50003 D8SE - it sah
1 — 11 1 i i {2
1 g B ta/2 =iy
c\ /ur—-i-‘hc B In dL hj Li }f YIC [ et
/ ¥ i 7 iy
| / et F s s
i e 5 ‘ \ f’ .
| fl‘ T. T + l it E By
= = s ¥
ko g~ £/E~0.00207 et E000207
Fig. 7. Distribution of strains and stresses in | Fig. 8. Distribution of strains and stresses in
the cross-section of single reinforced ordinary | the cross-section of single reinforced ECC
concrete beam. beam.

Moment capacity of ordinary concrete beam (Fig. 7), calculated according to ACI 318 Code
standard procedure is as follows,

C=085f xaxb
T-4f
A4
C:Ts = a:_’L
0857 'xb
A, —0035xbxd =0035x15x185=971in’
9.71x60000

g=——————=525in
085x8700x15

M, =A4f, (d—%] = 9.?1><60000[1 8.5—%] =9,248,775 Ib—in

Calculation of moment capacity of ECC beam presented below is modified comparing to
standard code procedure, to account for strain and stress capacity of the composite in tension
zone (Fig. 8). Stress block parameter,,, for ordinary concrete equal to 065 (for

f.'=8T00 psi ), is recalculated for ECC material, and becomes 7, = 066.
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There is 12% increase in moment capacity for a beam made with ECC material if compared to
the same beam, but made of ordinary concrete. The sensitivity analysis presented earlier show
that the significance of ECC contribution in tensile zone increases for lower percentages of
reinforcement. If similar comparison of moment capacities is performed for concrete bridge

slabs with small amount of reinforcement (p=0003 (0.3%)for empirical design), the

difference in moment capacities is even more significant. Standard thickness (7.5in) ECC

bridge deck indicates 230% increase in moment capacity if compared to the same, but
ordinary concrete deck.

SUMMARY AND CONCLUSIONS

High ductility and stable multiple crack development in ECC gives a beneficial behavior in
flexure of structural members made of this material. Simplified material models for the
constituent materials in terms of stress-strain curves, allow for derivation of the analytical
moment-curvature relations for beam. The resulting complete, closed-form formulas can be
easily used for predicting the ultimate flexural capacity and curvature ductility of beams made
of reinforced ECC. The resulting formulas are very useful in developing reliable design
procedures for ECC, to aid structural engineers in applying such materials in ficld
applications. The proposed rational derivation of moment-curvature relations gives qualitative
and quantitative description of flexural behavior of reinforced ECC cross-section. The results
can be applied to any beam or one-way slab, and extended to two-way slabs. Precisely defined
phases in sectional behavior, and limits of application, can serve as a design guide for flexural
elements.

From the present analyzes, a distinct difference between reinforced ECC (RECC) and
common reinforced concrete can be observed. The sudden drop in moment capacity typical in
ordinary concrete, especially for lightly reinforced sections, is absent when ECC is applied in
reinforced beam. Moment-curvature curves indicate hardening behavior in whole range of
curvatures, up to ultimate capacity. Although the modulus of elasticity for ECC is about 20-
25% lower than for ordinary concrete with the same compressive strength, the flexural
stiffness (in post cracked phase II) of reinforced cross-section is of the same order as for RC,
and even higher for lightly reinforced sections. The ultimate flexural capacity is always higher
for RECC than for RC, especially when low reinforcement ratio is applied. For instance,
for p=1%, the capacity of RECC is higher by more than 50%. The curvature ductility of
RECC is always higher than that of RC, even for highly reinforced sections, for example, if
£ =3% ductility of RECC is higher by 40%.
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