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ABSTRACT

Local mechanisms in reinforced concrete (RC) members are highly related to
cracking initiation/propagation and reinforcement arrangement. These mechanisms and
their significant role in shear capacity of RC members are investigated in this paper.
For this purpose, the “combined local-average stress field” concept is presented to
introduce local stress transfer mechanisms into the nonlinear analysis of RC members.

Proposed method is defined in a step-by-step algorithm which starts with the
detection of the local responses, i.e. local strain and stress and also displacement. This
is achieved by using the proposed “slip-strain model” considering the local
characteristics of the cover on steel bars, stirrups, bond deterioration zone and steel
bar's embedment length. Having accurate estimation of local strain/stress/displacement
domains, the probability of new crack initiation and the changes in the average
responses of both concrete and reinforcing steel bars are detected by determination of
the local-average equilibrium conditions. The proposed “combined local-average stress
field concept” is enriched with the “tension chord” theory to accurately detect the effects
of the bond transfer mechanisms and propagation of secondary cracks.

Computational requirements of the proposed concept are provided by a nonlinear
finite element software (ESMARC), including a numerical framework for main average-
stress field body and a post-process procedure of the local-stress field. Regarding the
numerical results, the developed software precisely works as a virtual library; and the
proposed local-average stress field approach accurately detects the shear behavior of
RC members, including the overall response, failure mode and crack pattern.

1. INTRODUCTION

Smeared crack as a well known approach for modeling the reinforced concrete
members, was discussed in an international competition for evaluation of specific RC
panels under pure shear (Vecchio et al. 1985). By advancements arose in the
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numerical interpretation of smeared crack, two main approaches of rotating and fixed
smeared cracks were introduced. MCFT and DSFM -as the updated version of it- are
represented on the basis of the rotating smeared crack approach by Vecchio et al.
(1986, 2000). In this approach, participation of the shear transfer mechanism is
regarded by some modifications on average post-crack behavior of concrete. On the
other side, Maekawa et al. (1991, 2003) mainly focused on the fixed smeared crack
approach where the shear transfer mechanism is applied in general formulation by
average-based simplified shear models.

Due to the general characteristics of smeared crack method, both rotating and
fixed approaches are powerful enough for estimating the average response and failure
of RC members with normal reinforcement ratio. The main differences appear where
the reinforcing pattern causes the activation of localized features or discrete
mechanisms. As an example, in lightly-reinforced members, initiation of a routine crack
may be followed by wide crack opening, large amount of slip or occurrence of discrete
cracks. This results in great reduction of shear strength and sudden failure of the
member which may not be detected by common smeared crack modeling. Furthermore,
in such cases, reinforcement ratio and arrangement, rebar diameter, developed cover
or aggregate size become too much effective. This may confront with another problem
which is made by using simplified shear models. In presence of discrete cracks, the
crack affects the RC members “locally”; therefore, adopting average simplified models
for shear brings lack of accuracy. This is the point where the exact shear models such
as the models presented by Li el al. (1982), Reinhardt and Walraven (1988) and
Bujadham et al. (1992) are recommended to be adopted in formulation.

Considering these effects in the numerical modeling can be achieved by having
enough information about the local strain or displacement state. This was firstly
investigated by Soltani et al. (2003, 2005) for one RC element where common
averaged-based smeared crack approach was improved by reliable consideration of
the local parameters and mechanisms which are initiated in the post-crack phase.
Regarding the supportive theories of that research, development of mentioned
approach for RC members is discussed in this paper under the title of “combined local-
average stress field concept”. To empower the proposed combined local-average
stress field concept, a nonlinear finite element program (ESMARC: Enhanced Smeared
Crack Analysis of Reinforced Concrete Members) is developed for analysis of RC
members. The main computational body of ESMARC is formulated by the routine rules
of the average stress field concept of smeared crack. A post-process procedure is
introduced to fulfill the requirements of the local stress field approach related to the
modeling of local features and mechanisms. Local shear transfer at the crack plane,
bond transfer mechanism along the embedment length of steel bar, distribution of the
bond stress perpendicular to the reinforcement direction, presence of discrete cracks
and their effect on the shear strength degradation, initiation of the secondary cracks
and their role in changing the crack pattern and failure mode are from the important
local features which are involved in this study. Application of the proposed approach in
evaluation of shear-critical RC members shows agreeable consistency of the approach
with the experimental results.
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2. LOCAL-AVERAGE STRESS FIELD CONCEPT

Post-crack phase is initiated by the formation of the crack and spreading the
crack opening and sliding in the affected domain. This activates the shear transfer
mechanism at the crack plane and bond transfer mechanism along the reinforcing bar.
Amount of slip induced by the local displacements of the crack plane, affects the
distribution of the local strain along the steel bars. In reference to the imposed
displacements and activated mechanisms, significant changes appear in the behavioral
characteristics of material in the vicinity of the crack -introduced by “control volume”.
This is why both local and average characteristics must be considered in the exact
modeling of the post-crack response of RC members.

Considering the localized displacements at the crack surface, mechanisms
mentioned in Fig. 1 are activated in the post-crack responses. These mechanisms are
corresponded to the local behavior resulted at the crack interface, local contribution of
concrete and steel bars at the crack plane, and average behavior of concrete and steel
bars. Local behavior of the crack is determined by the localized shear transfer
mechanism at the crack plane and is introduced by two stress components, “Aggregate
Interlock” and “Dilatancy” (Fig. 1b). On the other side, the stress component due to the
local behavior of concrete at the crack surface is an interpretation for the release rate of
tensile stress, tension softening. This is known as the “Bridging Stress” (Fig. 1b) and is
fundamentally defined by the initial characteristics of concrete, as tensile strength, f,
fracture energy, Gy, and also the crack opening (Maekawa et al. 2003). In addition,
presence of steel bars in the crack plane is defined by two local stress components,
normal and parallel to the crack plane (Fig. 1c). These components -in combination
with the local stress components of shear and bridging at the crack plane- are
interpreted by tension stiffening and shear stiffening, respectively (Fig. 1d).
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Fig. 1 Localized post-crack mechanisms

To bring the mentioned local mechanisms into the average response of RC
members, “local-average stress field” concept is proposed in a step-by-step algorithm
and declared by computational details in next section. This concept starts by detecting
the cracked RC domain and followed by estimating the accurate amounts of local
strains and stresses and also displacements. Afterward, changes in the crack spacing
are evaluated by local equilibrium conditions. Reaching to the stability in cracking, the
local-average equilibrium conditions are applied for tracing the updates in average
behavioral characteristics of concrete and steel bars. Knowing this information, the
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average concept of smeared crack is merged with the local stress state, whereas, the
localized shear transfer can also be regarded more exactly.

3. COMPUTATIONAL DETAILS

In order to formulate the concept of the combined local-average stress field
approach, appropriate constitutive models and supplementary theories must be
provided. The reliable constitutive models which are mainly defined based on the
average concepts of the smeared crack are consistent with the proposed approach.
The models which are used in current research are introduced in Jahanmohammadi
and Soltani (2016a). In order to provide the supplementary theories, numbers of
numerical models are proposed by the authors. First of all, the “cracked-zone-detection
algorithm” is presented to detect the zone which is affected by the occurrence and
propagation of the cracks. The effects which imposed by the ultimate cracking state,
including the primary and secondary cracks, are considered with the aid of the “tension
chord” concept. Knowing the geometry of the cracked zone, a proposed “slip-strain
model” is adopted to determine the local distribution of strains, stresses, displacements
along the reinforcing bar. At this stage, the local and local-average equilibrium
conditions are solved to report the final crack spacing and average stress-strain relation
for steel bars and concrete. With consideration of the latest information, updated
average constitutive models are adopted in the coming steps of the nonlinear finite
element analysis. In addition, by approximating the final values for the displacement
domain, local displacement models —specifically shear models- are adopted in the
calculation progress. In this section, brief review of the mentioned assisting concepts is
presented.

3.1 Cracked-Zone-Detection Algorithm

Formation of a crack is followed by opening and sliding at the crack plane. These
displacement components are spread through the zone which is affected by the bond
transfer mechanism. To evaluate the specific geometry of this zone, named as control
volume, influences of the crack on its neighborhood must be detected. For this aim,
“Cracked-Zone-Detection” algorithm is proposed.
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Fig. 2 Cracked-Zone Detecting Algorithm

In this regard, a reliable estimation of the length and width of the control volume is
conducted by a step-by-step updates during the analytical process. For this update,
geometry of the RC member is considered with all of its integration points. At the
beginning, a set of points are detected for horizontal and vertical neighbourhood of
each integration point. In each loading step, calculated strain of each integration point
is controlled to detect the changes in dimension of the cracked zone. If any point is
reported as a cracked one, its neighbour points are checked for cracking state toward 4
main directions, individually (Fig. 2a). For each of the horizontal and vertical directions,
distances between the gauss point and its most far cracked neighbours in both sides,
are reported as the reference length and height, respectively (Fig. 2b). The reference
length can be regarded as the crack spacing and the reference height may be
interpreted as the crack depth. Knowing the geometry of the control volume, local-
average stress field computations are applied and the probable cracks in this domain
are detected. Dimensions of this volume is gradually increased by the crack
propagation, therefore, the proposed algorithm must be repeated at the beginning of
each load step.

3.2 Modeling of the ultimate cracking effects

Regarding the research conducted by Broms et al. (1965a-d), cracking in RC
members continues till reaching the stability. The primary cracks, are usually initiated
from the external face (cover) of the RC members. These cracks are to be stabilized
when their spacing is reported about twice of the effective cover (Ceg). In reference to
this fact, the “tension chord” is defined as a zone which is mainly affected by the
primary cracks, with the height of 2C¢q. The zone -which is shown in Fig. 3a- is
regarded as bond influencing zone. By continuance of the loading procedure,
secondary cracks are also developed in this zone, between two existing primary cracks
and initiate from the rebar location. This is why these cracks affect the contribution of
steel bars. In other words, occurrence of the secondary cracks reduces the amount of
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the developed cover and this simultaneously increases both the effective ratio of steel
(0etf) and the amount of slip (Fig. 3b). Primary and secondary cracks are considered to
be located in the bond influencing zone, therefore, bond distribution is evaluated by
consideration of mentioned crack types in slip-strain model and equilibrium conditions -
which are discussed in next sections.

The remained zone in an RC member —in adjacent with the bond influencing
zone- is introduced as plain concrete zone. In this zone, presence of discrete cracks is
of high importance. Since these cracks are mainly appeared in shear-critical members,
accurate definition of the local-average stress field concept in this zone results in
agreeable detection of the shear response. To consider the effects of discrete cracks, 1)
the displacement domain and extent of the plain zone must be reported in each step
and 2) the ultimate shear strength must be evaluated regarding the adopted shear
transfer model.
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Fig. 3 Modeling of the ultimate cracking effects
3.3 Slip-Strain Model

Comprehensive information about the strain distribution along a reinforcing bar is
attained by using the universal bond-slip-strain model of Shima et al. (1987). In this
model, complete contribution of strain, axial stress, displacement and bond stress are
considered in an equilibrium equation with an iterative solving approach. Decreasing
the computational time, using explicit models is of interest. In this research, combined
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local-average stress field concept is enriched with a new derived Slip-Strain model. The
model is presented following the idea adopted by Shima et al. (1987), Shin (Maekawa
et al. 2003), Soltani and Maekawa (2008).The proposed slip-strain model, expresses
the explicit relation between non-dimensional slip value and local strain for a wide
range of strains, including pre- and post-yield behaviour. Using the slip-strain model,
distribution of the local strains along the embedded steel bars is determined with
consideration of the effects of embedment length; rebar diameter, developed cover,
presence and amount of stirrups and bond deterioration zone. The model which is
briefly presented in Fig. 4, has been discussed in Jahanmohammadi and Soltani
(2016b) by its detail and participating parameters.
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Fig. 4 Proposed slip-strain model
3.4 Equilibrium Conditions

Following the approach firstly discussed by Soltani and Maekawa et al. (2003,
2005), presence of local mechanisms directly affects both local and average responses
of RC members. This must be regarded with consideration of the local parameters -
including the crack spacing, crack depth, opening and sliding at the crack plane,
amount of slip between steel bar and concrete, etc- into the both average constitutive
models and local displacement-based models. Distinct values for mentioned local
parameters are calculated using the slip-strain model (section 3.3) and satisfying the
local equilibrium condition in the cracked zone. This is of high importance that by
knowing the local displacement state, application of any displacement-based
constitutive model would be conceivable in the inherently strain-based finite element
programming.

On the other side, by determination of the distinct geometrical specifications of
the zone (sections 3.1 & 3.2) and amount of local parameters, average characteristics
of constitutive models, i.e. tension stiffening/softening for concrete and average vyield
stress of steel bar, are updated after reporting the stabilized crack spacing and by
satisfying the local-average equilibrium condition. Detailed review on the contributing
parameters and their role in equilibrium conditions have been presented by
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Jahanmohammadi and Soltani (2016a), however, these conditions are schematically
shown in Fig. 5.

CL. CL.
| |
I | 1 |
L g \ : pe— \
#Gmin.steeﬁ‘_ : a '’ < Ex a (\—>#Gmax.§teel$ #)-ave‘stee]$(—— : a ’ - ‘e 4 {x—> max.steel$
= | < 4.4 3 e < h £ p. Eo— >
1,4 2 4 - : . (—> P — : A A - : . g =i
#Gmax:(ﬁ 5 / #Gbrg$ #O'ave‘ con$ ! / #O-brg$

! Crack Plan I Crack Plan

(a) Local stress equilibrium condition (b) Local-average stress equilibrium condition

Fig. 5 Stress equilibrium condition of Local-Average stress field concept
3.5 Software Implementation

As mentioned before, ESMARC is a nonlinear finite element program which has
been developed in order to perform the computational procedure of the proposed local-
average stress field concept. The program consists of a main nonlinear finite element
body which is formulated based on the common smeared crack approach, and,
provided post-process body which introduces the effects of the local mechanisms into
the average-based formulation. To reach that point, each computational step in the
ESMARC is initiated using 1) the calculated values of updated average constitutive
models and 2) the latest values reported for the local strain/stress/displacement state at
the end of the previous loading step. Both values are evaluated using the
computational procedure briefly mentioned in sections (3.4). Detailed step-by-step
computational procedure of ESMARC is presented in Fig. 6. This is how the local &
average stress field concepts are merged into a nonlinear finite element program.
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4. VERIFICATION

To investigate the abilities of the proposed local-average stress field approach,
several RC members —mainly under the shear loading- are evaluated with ESMARC.
These members are selected from the RC shear panels, walls and beams.

RC shear panels -experimentally assessed by Hsu et al. (1996)- are evaluated
under the pure shear. The specimens are different in rebar percentage and developed
cover. The results which are presented in Fig. 7 show the reliable consistency of the
proposed algorithm in detecting the average shear response of these panels with
consideration of the different probable mechanisms may occur in different panels.
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Fig. 7 RC Shear Panels: experimental and analytical results

In addition to the panels, 3 RC shear walls were selected from the literature. The
walls that are introduced in Table 1 are from different geometries and reinforcing
patterns but have been tested under the same loading state. Due to the differences of
the walls, overall response of these walls under the concentrated lateral load differs
from the relatively pure shear to the combination of the shear and bending. Although
each of the mentioned responses may result in activation of different local mechanisms,
the overall load-displacement responses of the walls are detected with a desirable
accuracy (Fig. 8).

Table 1 Specifications of RC shear walls

. Dimension (mm) Horizontal Reinforcing ® Vertical Reinforcing ® .
Wall Label | Te Axial
(MPa) Height | Length | Width Ratio D Fy Ratio D Fy Load
(%) (mm) (MPa) (%) (mm) (MPa)
W1 (SW5)
(Cheng 28.8 500 1000 100 1.03 12.7 490 0.77 12.7 490
1993)
W2 (Control
wall 40.0 1795 1500 100 0.5 10 400 0.8 10 400
(Lombard
2000)
W3 (Shear
Wall Panel) 154
(Lackner 329 1200 1180 100 0.1 8 574 0.107 8 574 KN
2001)
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RC beams, mainly reported by shear failure mode, were selected from the
extensive experimental research of Bresler and Scordelis (1963). The beams consist of
several members with and without stirrups, with and without top reinforcements, and
different cross sections. Regarding the results presented in Fig. 9, not only the
proposed approach can greatly trace the load-displacement response of the beams, it
can detect the shear failure at the same state with the experimental results.
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Fig. 9 Shear Beams: experimental and analytical results

5. CONCLUSION

Considering the local mechanisms which may be activated in the post-cracking
phase, the local-average stress field approach was presented in this research. The
main concept of smeared crack was enhanced by a step-by-step algorithm which was
enriched with several specific supplementary theories. Mentioned theories —including
the cracked-zone-detection algorithm, modeling the ultimate cracking effects, slip-strain
model, local and local-average equilibrium conditions, and main coding procedure-
were firstly evaluated by their efficiency and then were brought into the programming
state. As a result, a nonlinear finite element program (ESMARC) was developed for
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evaluation of RC members by consideration of both average and local parameters and
mechanisms.

Shear critical RC members as the members with high dependency to the local
mechanisms —shear transfer along the crack and the probability of discrete cracks-
were investigated in this research. Regarding the results, the programmed approach
acts as a reliable virtual library which accurately detects both the overall response and
ultimate failure in such members.
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