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Abstract:

Buildings that are designed with seismic resistant dual shear walled — framed
systems are required to fulfil the 25% minimum design lateral force resistance ratio
for the frame part alone (without the contribution of the shear walls). This condition
raises the question that what is the resulting ratio for the design lateral resistance of
the frame part in dual system if an artificial intelligence algorithm was used in the
designing process. For this purpose, a dual shear walled- framed system of three
spans and five stories is analytically verified to have the nearest possible results to
an experimental test by Devi, G. N. (2013). Then an optimum design for the same
system is performed. A heuristic algorithm with two phase design variables is used
in the optimized design. These variables are prepared at first to be suitably few for
the search algorithm to be cost effective in the manner of time needed to have
results. This is called phase-1 optimization. Then the number of variables is
expanded to cover all the design aspects in the model in phase-2 while using the
results of phase-1 as initial values of phase-2. The cost-based optimum design’s
objective function takes into consideration the cost of building materials used
(concrete and steel) and the cost of square meter of the formwork used to shape
members during curing process. The cost of any section is estimated for unit length
of member, then the total cost of the whole system is calculated by summing up the
cost of all members. In this research an FEM nonlinear program used for analysis
(Abaqus) and Python package for machine learning and optimization is used in the
optimization process. The frame part participation ratio resulted, though exclusive to
the system considered in this research, it ignites the curiosity to investigate several
dual system configurations of R\C buildings that could be considered in future
works.

Keywords: Dual Systems, Seismic Shear Resistance Ratio, Optimized Design,
Heuristic Algorithm, Design Variables.
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Optimized Design Ratio of Frame Part Participation

Introduction:

and provisions of the seismic design. For this Sa-
ka (1991) considered displacement, ultimate axial
load and bending moment with limitation on di-
mensions and performed optimization to control
sway. Fadaee and Grierson (1998) performed op-
timum design on R\C buildings having shear
walls. In addition, Camp et. al. (2003), Lee and
Ahn (2003) developed a procedure to design rein-
forced concrete frames using a genetic algorithm.
Camp et. al. used ACI code to put main require-
ments of the design. Kwak and kim (2008) deter-
mined section database to optimally design R\C
plane frames. Zou and Chan (2005) performed an
optimal resizing technique for dynamic drift de-
sign of R\C buildings under response spectrum
and time history loadings. Kaveh and Zakian
(2014) utilized a charged system search (CSS)
algorithm as the meta-heuristic optimizer and op-
timally seismic designed R\C dual shear wall
frame system and frame system. They created da-
tabase for columns, beams, and wall members
beforehand to be used as design variables. Some
of the main provisions that have been used by
them are from FEMA (2000, 2006) and ACI
(2011).

The Nelder-Mead optimization algorithm is a
widely used approach for non-differentiable ob-
jective functions and therefore, is most suited for
machine learning and deep learning in design. As
such, it is generally referred to as a pattern search
algorithm and is used as a local or global search
procedure. Originally the algorithm was for un-
constrained optimization. In Python (OOP pro-
gramming language) a “constrNMPy” package
was written to handle constrained problems.

In this research an optimum design approach of
shear-walled frames dual system consisting of
three bays and five stories using constrNMPy
package is executed. This dual system is an exper-
imental specimen tested by Devi, G. N. (2013)[1].

.......... Koukash, Alatrash and Al Helwani

During damaging earthquakes buildings are sub-
jected to extreme loads initiated by inertia forces,
the results of rapid movement of the structure. For
design purposes inertia forces are equated by a
static system of lateral seismic forces affecting the
structural system of the building from top to bot-
tom. In dual shear wall-frame seismic resisting
structural systems shear walls are considerably
stiffer than frames therefore they are first affected
by the seismic loads followed by the framework
system of the structure. Shear walls should have
the adequate rigidity and strength to withstand the
seismic action on the building, especially in the
lower stories of the building. Whereas frames are
not as rigid and may develop larger deformations
before reaching plastic hinge development when
compared to shear wall system. The codes of de-
sign imposes at least 25% design strength ratio
required to be on the frames part of the structure
to compensate for the loss of strength that may
occur after a strong seismic event that could cause
damage to shear walls. This role of frame part is
crucial for supporting vertical loads of a building.
Design guidelines and codes don’t give a specific
ratio in order to guarantee a better performance
and/or economic design, only a minimum ratio of
25%. Therefore, an optimum design of a dual sys-
tem may yield a suitable ratio, or at least a range
of ratios that could be recommended for better
performance and/or economic design for the dual
shear wall frame systems. This design should ful-
fill all the requirements and provisions of codes
with a minimum cost of construction. Previously,
close to this purpose included the seismic design
of seismic resistant shear walled-building and
their performance Wallace (1995a and 1995b),
Sasani (1998). In 2001 Kowalsky introduced dis-
placement-based methods to design shear walls
according to the UBC. All these studies were con-
sidered in the optimum design of RC buildings
because they’ve introduced the main conditions
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Figure (1) Left Abaqus numerical model, Center, Right specimen configuration Devi, G. N. (2013) [1]

behaviour. As for shear wall’s material Abaqus’s
Concrete Damaged Plasticity is used, Hilleborg. A., M.
Modeer, and P. E. Peterson (1976), Lee, J., and G. L.
Fenves (1998)[3] , Lubliner, J., J. Oliver, S. Oller, and E.
Onate (1989)[4].

According to Vui V. Cao and Hamid R. Ronagh
(2013)[5] the stress strain curve of concrete before
reaching maximum stress is widely approximated as a
second degree parabola, Hognestad, E. (1951)[6], Kent
and Park (1971), Park and Paulay (1975)[7], Scott, B. D.
(1980)[8]. While it continues as a negatively inclined
line after that limit.
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2- Modeling and

Methods:

The model of analysis is created by nonlinear finite
element package Abaqus ® [2] which comes with an
implicit solver (Abaqus/standard). Abaqus’s *.inp file is
the text file format that has the numerical model written
in certain syntax to be analyzed by Abaqus/Standard and,
hereafter, creating different types of results with several
output file formats. In the numerical model and for
frame-like members such as columns and beams, beam
element B31 is used. This element is 3-dimensional,
linear function element that allows for transverse shear
deformation (Timoshenko Beam). For Wall members,
shell element S4R A 4-node quadrilateral,
stress/displacement  shell element with  reduced
integration. The materials’ model for steel rebars and
concrete beam elements is the elastic-perfectly plastic

Optimization

o

05f;

02/

c

Unlconﬁned concrete
i |
€20¢

€
A €50u €50c

Concrete Damaged Plasticity Default | Selected
Symbol
parameter Value Value

Dilation Angle in the p-q plane Y - 35
Flow Potential Eccentricity € 0.1 0.1
Ratio of Initial equibiaxial
compressive yield stress to initial b0/ Gco 1.16 1.12
uniaxial compressive yield stress
Ratio of the second stress invariant
on the tensile meridian g(TM) to that K¢ 2/3 2/3
on the compressive meridian, g(CM)
Viscosity Parameter 13 0 0.08
Stiffness compression recovery factor we 1 1
Stiffness Tension recovery factor wr 0 0
Strain corresponding to fg £g 0.002 0.0015
Inclination of f; — £¢ curve after f, Z 100 100

Figure (2) Left- Model of concrete, Kent and Park (1971). Right- Used parameters of CDP material.
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reinforced concrete dual structural system subjected
to lateral load tested by Devi [1], was used as the
reference experiment in this study. The force-
deformation behavior of the model was compared
with the results of the experimental results under
the same loading conditions, after several trials a
satisfactorily close result to the experiment is de-

picted on figure (3) Left.

........... Koukash, Alatrash and Al Helwani

In CDP model several parameters are given to con-
trol the behaviour of the concrete under compres-
sion, tension, and repetitive cycles of loading. The
parameters shown on figure (2) are taken for the
most successful trial in curve fitting analysis results

to the experiment of Devi.[1]

In order to validate the results of modeling, an in-
vestigation of a quarter-sized three bay five story

BASE SHEAR in kN

Abaqus 3
— . = Abaqus 2
----- Abaqus 1

AME ANALYSIS

TOP STOREY DEFLECTION in mm

0 3 0000000000.000000000000000008 hklos
Z 20 :
2 240 | -~ ULTIMATE LOAD- TRUSSED)
2 200 | FRAME ANALVSIS
%)
2 160
710
g 80
4
0246 810121416182022 2426283032 3436 38
LOAD CYCLE NUMBER

Figure (3) Left- Skeleton curves of experiment and Abaqus analysis, Right- Loading sequence

analysis finishes, the results are read from the out-
put *.dat file. The data read are processed to com-
pute design constraints. These constraints represent
the code provisions and design limitations. Hence, a
penalty value is calculated for every constraint vio-
lated and reflects the size of violation. The optimi-
zation algorithm is fed with the penalized objective
function (cost of the structure plus summation of
penalties).

In order to automate the modeling process of the
dual system at every optimization cycle, a program
on Python was written and thoroughly verified.
This program calls the *.inp file that was created
beforehand by Abaqus/CAE and fills the design
variables with designated values (initial values are
user suggested while optimizer should produce the
next set of values at every cycle) then submits the
*.inp file to analysis by Abaqus/Standard. After

Suggest
Vars(initial)

Create
*.inp file

Optimization Algorithm

*.in

Modify

Produce
Design Vars

| Run A

baqus/

Standard Analysis

Read

*.dat

file results

"ConstrainNM"

‘ Optimization Algorithm
.\

calc. € . Objective Fun. +
alc. Constraints Penalty Fun.

Figure (4) Optimized design process of a structural system using Abaqus
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ratio (1). In frame sections the variables are 3 (a, b,
p) and for walls they are 2 (aw, 1) because the
length of wall section (bw) is architecturally fixed.

........... Koukash, Alatrash and Al Helwani

2.1 Design variables and Objective

function:
The variables of the design are the dimensions of
any cross section (a and b), plus the reinforcement

Local - 2
A

FA

bw | b |

o [

Idealized
Interaction Curve

Figure (5) Left- Sections including design variables, Right- P-M interaction curve of a column

price of unit volume of concrete, unit weight of
steel, and unit area of formwork (used in casting).
Kaveh, A., & Zakian, P. (2014). [9].

On deciding the values of design variables either
initially by the user or in every optimization cycle
by the algorithm, the cost of all sections used in the
model can be calculated with the reference to the

Table (1) formulas of sections’ costs.

Member Section’s cost per unit length of member
Column  o«;-Ag-ys-UCS+ a-b-UCC+2(a+b) UFCroiumn
Beam [2a,-As+ (1 —2a,) - Ag] " ¥s-UCS+ a-b-UCCH+ (a+2
*b) - UFCpegm
Wall az-Agy vs-UCS+ay, b, - UCCH+[2Xa,+2Xby,]
"UFCyau
oy, Xy, Xg Coefficients for development lengths of steel bars
Ys, Agi Specific Weight of steel, cross sectional area of reinforcement
Ucc,UcCs Price of unit volume of Concrete, price of unit weight of steel

UFCColumn ’ UFCBeam ) UFCWall

Price of unit area of column’s, beams and wall’s formwork

respectively

2.2 Design Constraints:

12 design constraints are used in order to tune the
design to meet the required provisions and stand-
ards of codes. 6 of these constraints are related to
dimensions of sections and the relation between
adjacent members’ sections. These constraints need

Accordingly, cost-based objective function can be
calculated for the whole model. In addition, half of
all design constraints can be calculated based on
this variables’ values and before running the analy-
sis of the model.

11 =2
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analysis if a certain criterion about penalty value is
realized. The 7’th constraint (Cs7) represents the
ratio of demand on capacity of a column section
based on P-M interaction criteria (Figure (5)). If the
length (AC) is less than (BC) while point A is on
(BC) then the column section is marked safe. That
means the constraint is fulfilled and the section’s
capacity is adequate. Table (2) contains the design
constraints in summary.

........... Koukash, Alatrash and Al Helwani

not to have analysis results to be estimated. This is
why they are called pre-analysis constraints. The
remaining 6 constraints are related to the strength of
the sections and the loading in members resulted
from analysis. This is why those constraints are
called post-analysis constraints. The idea behind
making two groups of constraints is that pre-
analysis constraints can be calculated once design
variables are decided and hence, the analysis of this
configuration can be cancelled to save the time of

Table (2) Design constraints considered in optimal design of dual frame

Cs Type Formula Explanation Reference
1 air./a; Upward Consecutive columns have lesser equal a ACI
2 b;41/b; Upward Consecutive columns have lesser equal b ACI
3 Agiv1/Agi Upward Consecutive columns have lesser equal As ACI
. Positive-moment strength of beam section at the face

4  Pre-Analysis oo, A o of beam-column joint is greater than half the ACI

Constraints negative-moment strength

California
Administrative
5 1.2 M, /M, Strong column weak beam code 2019
(4.3.6)
Boundary column’s width is greater equal wall’s
6 ay/as width ACI
The performance of a column lays within the P-M .
! Lea/Les interaction curve ACI (Fig. (5))
8 M,/ My, Maximum moment in beam section ACI
ACI 318-14

9 Post-Analysis P/ Puwn Shear force in shear walls (Table

Constraints 11.5.4.6)
10 Twu/Twn Tension force within boundary column ACI
11 Cwu/Cwn Compression force within boundary column ACI
12 maxDR /0.002 Maximum drift ratio limit ACI

P; = max([Cs_; —1],0) X f; ,
By

Penalty Fun.

Here P _i represents a weight factor to emphasize
the penalty function of constraint i. In this research
all weight factors are assumed to be 1000.

3- Optimal Design of Dual System:

It is notable that the code’s provision on the frame
part of a dual-system that must resist at least 25%
of the lateral seismic loads according to FEMA-451
(2006) is not mentioned. This is due to the purpose
of this research on finding this ratio after optimally
designing the dual-system building.

After “computing” every constraint C_(S-i) for all
respective members, the next formulas are applied:

11 =2



Optimized Design Ratio of Frame Part Participation
and this will be phase-2 optimization. Two analysis
types were considered. The first is a static analysis
under pushover forces that equals to the ultimate
capacity forces that were recorded in Devi’s exper-
iment. And the second is a dynamic nonlinear time
history analysis under 1995 Kobe’s earthquake
(magnitude 7.2 on the Richter scale). For this pur-
pose, a story loads of 14 Ton (mass) were assumed
for every story because in the original experimental
work no vertical loading on the tested structure is
mentioned. After the optimization in both static and
dynamic analysis terminated, the configurations of
the resulted structures were remarkably different.
For the static analysis the optimized design of the
structure yielded huge sections with high-cost ob-
jective function. This is probably due to the high
loading the structure was subjected to in the exper-
iment till failure. In most cases this loading condi-
tion doesn’t reflect a real type of loading or loading
combination that is expected to affect the structure
in reality. Rather, this type of loading is used to ex-
plore the capacity of the structure till failure. On the
other hand, dynamic loading didn’t cause the opti-
mized design to suffer from excessive loading or
deformations, therefore the resulted sections were
relatively small and total cost was modest. This is
due to loading condition that was the result of rela-
tively small masses on every story (14 tons), and to
some extent due to the changing response of the
structure resulted from changes in configuration of
sections while optimization process is taking place.
The next table shows the optimized resulted:

........... Koukash, Alatrash and Al Helwani

In optimal design of a structure, the variables that
cover designed aspects are considerably large in
number so that they cover most of the design. This
issue is critical in optimization for when using a
large number of variables, the optimization algo-
rithm will require large number of iterations and the
final result may fall in a local minimum when opti-
mization algorithm terminates. Therefore, decreas-
ing the number of variables as much as possible
will help the algorithm in working more efficiently
and yields global results much faster. In this re-
search’s optimum design, the same sections’ loca-
tions originally selected by Devi, G. N. (2013) [1]
are also selected here to be the variables of design.
C1 for columns’ section of first and second stories,
C2 for the third, fourth, and fifth. B for the section
of all beams (Figure (1)). C3 for the section of shear
wall’s boundary elements, and W for the section of
shear wall itself. A total of 3 x4+2 x1=14 variables
are considered as design variables. In order to have
better performance for the optimization algorithm,
the 14 variables were reduced to 5 variables only by
fixing the parameters of every section of C1, C2,
C3, B, and W. Only one optimized quantity is con-
sidered for optimization within every section, the
rest of the section’s parameters are only related to
this value by a fixed relation (e.g., a is optimized
and b=a). This is called phase 1 optimization. After
converging to an optimum, the fixation between the
parameters of the same section is released, for this
purpose the resulted optimized values from phase-1
are used as initial values for the 14 new variables

Table (3) Results of optimization on seismic design of experiment’s specimen. Devi, G. N. (2013) [1]

C1 [mm, mm, C2 [mm, mm, C3 [mm, mm, B [mm, mm, Ratio] w [mm,
Parameters of Ratio] Ratio] Ratio] ' ' Ratio] Obj.
section a b U a b p b U a b U a [price]
Static Ana. 498 459.8 0.0657 413.2 457.2 0.0247 441.2 490.5 0.0748 386.9377.6 0.0105 480.1 0.0044 3525.7

Dynamic Ana. 110 66.1 0.0174 56.1 56.28 0.0087 73.2 60.22 0.0118 57.8 53.0 0.0091 88.2 0.0011 266.9

ing to the first selection of them in phase-1 optimi-
zation. For phase-2 optimization which involves all
the considered design variables of the sections (in-
cluding the parameters that were fixed in phase-1)
the program begins another optimization process

From the behavior of design variables, it is obvious
that the type of loading has a significant influence
over their optimized values. In addition, when
phase-1 terminates with certain values of the varia-
bles these values are considered optimized accord-

11 = 2
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changes of one or more parameters. While under
static loading the response would change in less
violent manner when sections’ parameters slightly
change. In many cases sight changes in some pa-
rameters might not result in any significant change
in the response of the structure. Another interesting
notice from the figure is that after phase-1 termi-
nates and when initiating phase-2 taking the opti-
mum variables’ values of phase-1, the variance of
design variables at the beginning of this phase was
notable in the static analysis exclusively.

........... Koukash, Alatrash and Al Helwani

that would additionally refine the values of the 5
variables considered earlier and searches for more
optimized values for all of the variables as a whole.
For instance, in optimization phase-1 (5 variables)
the convergence to near optimized values didn’t
occur before considerable number of cycles record-
ed. Namely 100 cycles for static and 150 cycles for
dynamic. The cause of this difference is from the
changing response with the alteration of structure’s
sections’ parameters. Under dynamic loading the
response might suffer abrupt changes from slight

Static Loading Optimization

Phase 1

Phase 2

C2a

C3-a

W-aw
cib
objective function

—_—lu

2h
—C2u

—3b

—_—3u

——8b

1] 100 200 300

Optimization Cycles

1
'
' 1 T
'
1

B-u

W-uw
500 600 700 N
Obj.

Dynamic Loading Optimization

Phase 1

z

—C1a

Phase 2
Cra
C3a

B-a

W-aw
objective function c1b

—Clu

C2b
—C2u
—3b

—_—C3u

e 0 50 100 150 200 250

——B-b

B-u

W-uw

300 350 400 450 500

Obj

Optimization Cycles

Figure(6) Behavior of variables’ changing during optimization.

strength in the static-loading optimized structure,
which agrees with the provisions of codes that
doesn’t allow smaller than 25% for this participa-
tion ratio FEMA-451 (2006) [10]. This ratio
dropped significantly to 1.01% for the dynamic-
loading optimized structure, which is very small
compared to the design shear strength of the shear
wall in bearing lateral seismic forces.

After optimization in phase-2 terminated for both
static and dynamic analysis, the frame part’s
strength for lateral shear forces ratio must be
checked. First a capacity analysis under pushover
loading for the dual-system was applied till failure,
then the same analysis was performed for the struc-
ture with shear-wall not included in the model. This
procedure is done for both static-loading and dy-
namic-loading optimized structures. The results
were 62.5% participation of the frame part’s design
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In low and small structures (such as the one consid-
ered in this research) a dual system might not be the
most suitable system for seismic resistance, there-
fore the results of optimization differed significant-
ly between types of analysis. This ignites the need
to optimally design more realistic 3D models of
buildings.

. Optimization process can be more cost-
effective if split into two or more phases while in-
creasing the number of design variables from phase
to phase.

........... Koukash, Alatrash and Al Helwani

4- Conclusions and Recommenda-

tions:

The resulted high ratio (62.5%) of frame part partic-
ipation in the lateral design strength of the dual sys-
tem under static loading optimization reflected
heavy demand for the frame part. In contrast, the

resulted ratio for the dual system under dynamic
loading was significantly lower (1.01%) which in-
dicates the importance of the type of loading and
analysis considered in optimization.
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