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ABSTRACT4

Hybrid masonry is a relatively new type of structural system that benefits from the duc-5

tility and ease of construction of steel frames and from the in-plane strength and stiffness of6

reinforced masonry panels. Finite element analyses of hybrid masonry systems employ com-7

plex models, such as the two-scalar continuum damage model, to capture the propagation of8

damage through the masonry panels. Such formulations rely on several constitutive parameters9

but no simple experiments exist that can be used to decouple their effect and calibrate them10

independently. This paper proposes a method to calibrate the masonry parameters utilizing ex-11

perimental data from global system testing. Steel components are described by an elasto-plastic12

model with kinematic hardening whose constitutive parameters are easily calibrated.13

A parameter calibration procedure for the damage model parameters based on the behavior14

of the base wall of a two-story hybrid system in global testing is proposed. In order to reduce15

the number of calibrated parameters, two constraints are applied to the compressive range of16

the constitutive law, requiring that for that range the stress-strain curve is similar to that of con-17

crete. The effectiveness of these two constraints in finding an optimized set of parameters more18
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efficiently is then verified by utilizing uni-axial compression test data. An automatic calibration19

procedure of the remaining parameters is proposed based on the Nelder-Mead simplex method.20

It is demonstrated through numerical experiments that the models with calibrated parameters21

can accurately capture the behavior of hybrid masonry systems.22

Keywords: hybrid masonry, continuum damage mechanics, non-local damage model,23

parameter calibration.24

INTRODUCTION25

A technology for earthquake resistant design of buildings, known as hybrid ma-26

sonry, has emerged recently. A schematic representation of a hybrid masonry system27

is shown in Fig. 1. This structural system is designed in such a manner that steel frames28

are connected to masonry panels and transfer some of the loading, e.g., gravity forces,29

story shears and overturning moments, to the masonry via connector plates or through30

direct contact. This paper focuses attention only on systems without direct contact31

between the frame and the masonry; the transmission of forces is considered to occur32

exclusively through connectors.33

The reinforced masonry walls are designed as stiff, strong and ductile panels, in-34

teracting with the surrounding steel frame to resist lateral seismic forces. In the hybrid35

masonry structural system, the panels are not only used to provide spatial functionality36

in a building, but also to stiffen the structure, aiding in meeting displacement demands37

and enhancing the seismic performance. The connectors are steel plates that can dissi-38

pate energy through yielding and the masonry panels dissipate energy through damage39

making the hybrid systems particularly suited for use in seismic areas. Furthermore,40

the system can be designed such that damage is limited to selected masonry panels41

and/or connectors that can be replaced after a seismic event.42

Hybrid masonry construction has already been used in eastern United States in low43

seismic areas (Asselin et al. 2012). Its construction cost is low because it integrates44
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FIG. 1. Schematic representation of a hybrid masonry system

structural and architectural components. Further investigation of the inelastic behavior45

of hybrid masonry systems is needed to demonstrate that their usage is also appropriate46

for medium and high seismic areas.47

In order to simulate the system behavior accurately, the non-linear constitutive48

models for all components in the hybrid masonry system have to be calibrated based49

on experimental data. Of particular interest and presenting most challenges is the cal-50

ibration of the damage model for masonry. Ideally, for calibrating the damage model,51

one needs several experiments that isolate the influence of each material parameter52

from the constitutive description. In reality, this is not always possible; often times re-53

searchers have access to limited data from experiments that capture combined effects.54

This is the case here, where for the masonry material the only available data was from55

coupon compression tests and from global (full hybrid wall) cyclic testing. It is found56

therefore of interest to develop a systematic approach for calibrating parameters in57

these less than ideal but practical circumstances.58
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The software package used in this work is the Finite Element Analysis Program59

(FEAP), an open source code, that provides a framework for finite element simulations60

where additional constitutive models and solution schemes can be formulated and im-61

plemented via user subroutines (Taylor 2011). The formulations discussed in the next62

sections are a mix of FEAP library elements and user implemented functions.63

This paper is organized as follows. Firstly, the experiments that provided the data64

used in the calibration are described. Next, the parameters of the elasto-plastic model65

for the frame, the reinforcement and the connector are calibrated using the experimen-66

tal data from frame testing, uni-axial reinforcement testing and double plate connector67

testing respectively. Then the base wall is calibrated using the connector displace-68

ment data and the calculated reactions of the wall. Finally, the numerical simulations69

with the calibrated values are performed for the whole system and results are shown to70

compare well with the experimental data.71

EXPERIMENTAL TESTING72

A series of experimental tests provided data to calibrate the parameters of numer-73

ical models for all structural components of the hybrid system. The connector plates74

were designed, tested and detailed at the University of Hawaii at Manoa (Mitsuyuki75

2012) and then utilized in the large scale hybrid structure testing at University of Illi-76

nois at Urbana Champaign. Gregor and Fahnestock (2013) showed that the connector77

behavior in the large scale test performed at the University of Illinois at Urbana Cham-78

paign is consistent with the behavior recorded in the component tests.79

Several experiments were performed at University of Illinois at Urbana-Champaign.80

They include:81

1. Uni-axial compression test for a concrete masonry prism. This test provided the82

data necessary to identify the constitutive parameters that govern the behavior83

of the masonry in compression.84
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2. A series of large-scale tests on two-story structures (using the NEES MUST-85

SIM site) in which forces and displacements were applied at rates that were86

essentially static (Abrams 2013) at the top of the structure using a Load and87

Boundary Condition Box (LBCB) capable of controlling six degrees of free-88

dom (three translations and three rotations). Among these tests, the following89

were used in this work:90

a Frame-only experiment in which the steel frame was tested before the91

masonry panels were connected to it. This test provided all data neces-92

sary to calibrate the parameters for the constitutive model used for the93

frame elements.94

b Two tests performed on full hybrid systems (frame connected to the95

panels) in which a constant compression force of 356kN was initially96

applied at the top of the two-story structure and then horizontal cyclic97

displacements were applied. The two systems differ in the number and98

size of the first story connectors and the reinforcement of the first story99

panel. The frame and the second story panel are identical. Light-100

emitting diode (LED) sensors provided displacement information at101

120 locations on the first story masonry panel and beam, and strain102

gages mounted on the columns provided information about the frame103

deformation. The data directly recorded in the large-scale experiments104

were the total reaction force of the system, the displacements of the105

LEDs on the masonry panel and beams, and strains on the columns.106

One of the full scale tests was used for calibration. Based on beam107

theory, the reaction forces taken by columns can be calculated at each108

displacement loading step using the strains measured in testing. Then109

the masonry reaction forces were obtained indirectly by subtracting the110
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column reaction forces from the total reaction force recorded in the test-111

ing. Since connectors are the only components that transmit loads to the112

masonry, the total masonry reaction force equals the sum of the forces113

in the first story connectors. Displacement information at the top of114

the connectors (e.g., the first story beam) and at the bolt location was115

available from the LED sensors. Thus cyclic force-deflection curves116

were obtained for the connector response (providing sufficient data to117

fully calibrate the elasto-plastic model for the connector elements) and118

for the first story masonry panel (providing the information needed to119

calibrate the rest of the parameters of the damage model for masonry).120

Then, the global (directly measured) data was used to confirm through a121

full system simulation that the overall structural response of the compu-122

tational model matches the experimental data. Finally, the experimental123

data from a second full scale test (the hybrid structure in this case had a124

different first story masonry panel and different number of connectors)125

was used exclusively to validate the calibrated models.126

All the experimental data obtained at University of Illinois at Urbana-Champaign and127

University of Hawaii at Manoa is available at http://nees.org/warehouse/project/917.128

The geometry and constitutive models for all structural components as well as a129

detailed description of all the calibration steps are provided in the following sections.130

CONSTITUTIVE MODELS131

To simulate the behavior of all steel components, the two-dimensional frame ele-132

ment based on an elasto-plastic constitutive law available in FEAP is used. Element133

cross sections are divided into a set of layers over which numerical integration is per-134

formed, which is a typical approach to capture post-elastic behavior and the evolution135
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of yielding. The yield function for the elasto-plastic model utilized is (Taylor 2011):136

f(εp) = |σdev −
2

3
Hkinε̇

p| − [σY∞ + (σY 0 − σY∞)e−βsε
p

+Hisoε
p] , (1)

where Hiso is the isotropic hardening modulus; βs is the delay constant controlling the137

speed at which the material transitions from elasticity to plasticity; σY 0 is the yield138

stress, and σY∞ is the ultimate stress; and εP is the plastic strain; σdev is the devia-139

toric stress; Hkin is the kinematic hardening modulus, which should be included in the140

numerical model Ottosen and Ristinmaa (2005), as the reversed loadings are of sig-141

nificant importance. In the associated plasticity model, the infinitesimal plastic strain142

increment is found from the flow rule: ε̇p = γ̇ ∂f
∂σ
, where γ̇ is the plastic consistency143

parameter rate, taking γ̇ = 0 for elastic behavior and γ̇ > 0 for plastic behavior.144

For standard steel, Young’s modulus is E = 2 · 1011 Pa, and Poisson’s ratio is145

ν = 0.26. In later sections, parameters βs, Hiso, Hkin σY 0 and σY∞ are calibrated146

to match the experimental data for the frame, the reinforcement and the connector147

respectively.148

Damage model for masonry149

This section describes the damage model implemented to capture the behavior of150

the masonry panels and proposes the use of two constraints on the constitutive law for151

compression to reduce the number of parameters that need calibration.152

Concrete is a quasi-brittle material with very high compression strength, but very153

low resistance in tension. In a reinforced concrete masonry panel, the ends of the154

horizontal reinforcement bars are hooked to the vertical bars. The hooks improve155

the anchoring of the bars and reduce the risk of slip between the reinforcement and156

the concrete, which can therefore be considered small in most scenarios. Due to the157

small slip, it is reasonable to neglect the debonding between reinforcement bars and158

concrete and the reinforced masonry panel can be considered as a continuum medium159
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throughout the loading history.160

The non-local two-scalar damage model based on continuum damage mechanics161

was implemented in FEAP and is used in this work (Mazars and Pijaudier-Cabot 1989).162

The model adopted here treats the masonry wall in the hybrid systems as a homoge-163

nized mixture of mortar and concrete, and the reinforcement as a separate component.164

The continuum damage approach uses damage models for both tension and compres-165

sion and can simulate the softening behavior of the concrete using a simple algorithm.166

More importantly, the damage model uses a very natural criterion surface in the strain167

space and can also easily be implemented in a non-local form. The implementation168

used for this work is 2D (plane stress) but can be easily modified to 3D. The stress-169

strain relationship is written in the form:170

σ = (1− ω)Dε , (2)

where σ is the stress vector, ε is the engineering strain vector,D is the elastic material171

stiffness matrix, and ω is the damage variable, which can be interpreted as the ratio172

of the damaged area to the initial area. The undamaged material state is represented173

by ω = 0, and ω = 1 corresponds to a totally damaged state. The two-scalar damage174

model uses two variables to account for the damage under tension and compression175

loading (Mazars 1986) respectively. A variable denoted ωc is introduced to quantify176

the damage in compression (Mazars 1984):177

ωc =


0 if κ ≤ ε0

1− ε0(1−Ac)
κ

− Ac
eBc(κ−ε0) if ε0 ≤ κ ≤ εf ,

(3)

where Ac and Bc are parameters that control the shape of the stress strain curve, ε0178

is the strain at damage initialization, ε̄ is the equivalent strain, and κ is the largest179
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equivalent strain in the history of loading. For quasi-brittle materials such as concrete,180

the equivalent strain ε̄ in Eq. (5) is obtained by using the formula proposed by Mazars181

(1984).182

ε̄ =

√√√√ 3∑
I=1

< εI >2 , (4)

where ε1,2,3 are the principal strains, and the brackets < · > denote the positive part183

of the quantity. Similarly, ωt is a variable quantifying the damage caused by tension.184

In the original two-scalar damage model, the formula used to calculate the damage185

coefficient for tension resembles Eq. (3) but uses At and Bt instead of Ac and Bc.186

However, in this paper, Eq. (5) (Jirásek 2004) is used instead to calculate ωt, because187

its parameters have direct physical meaning, and can be calibrated more easily than At188

and Bt.189

ωt =


0 if κ ≤ ε0

1− ε0
ε̄
e
− κ−ε0
εf−ε0 if ε0 ≤ κ ≤ εf

(5)

Here, εf is the parameter controlling the slope of the softening branch.190

The total damage coefficient ω is calculated as a weighted average of the damage191

coefficients for tension and compression,192

ω = αtωt + αcωc , (6)

where the weights αt and αc are expressed as functions of the principal strains (Mazars193

and Pijaudier-Cabot 1989):194

αt =
3∑
i=1

[
Hi
εti(εci + εti)

ε̄2

]β
(7a)

195

αc =
3∑
i=1

[
Hi
εci(εci + εti)

ε̄2

]β
(7b)
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εti and εci are the ith components of εt = D−1σ+, and εc = D−1σ−, with σ+196

and σ− representing the positive and negative parts of the principal stresses. The197

parameter β is used to reduce the effect of damage on the response of the material198

under shear (Pijaudier-Cabot et al. 1991) and Hi is defined as:199

Hi =


1 if εti + εci ≥ 0

0 otherwise .
(8)

200

The local damage model can predict cracks caused by tension and compression.201

However, in its local form, this model suffers from stress locking and it loses mesh202

objectivity during simulation, i.e., the numerical results are dependent on the element203

size, and spatial convergence can not be obtained. The stress locking and the mesh204

dependence can be avoided if non-local algorithms are used instead (Jirásek 2004). In205

this work, ε̄ is calculated in a non-local manner by averaging the strain over a neigh-206

bourhood with some interaction radius lR (Jirásek 2004):207

ε̃(x) =

∫
Ω

α(x, ξ)ε̄(ξ)dξ . (9)

ε̃ is the non-local equivalent strain, and α is a bell shape non-local weight function208

α(x, ξ) = α0(‖x−ξ‖)∫
Ω α0(‖x−ζ‖)dζ ,where α0(l) is a monotonically decreasing non-negative func-209

tion with distance l =‖ x− ξ ‖. A truncated quartic polynomial function is chosen to210

define the function α0 (Jirásek 2004):211

α0(l) =


0 if lR ≤ l(

1− l2

l2R

)2

if 0 ≤ l ≤ lR,

(10)

where lR is the radius of the interaction area shown in Fig. 2.212
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FIG. 2. Non-local domain

ε

σ

FIG. 3. Response in compression

Proposed constraints of the compression law213

A typical force-deflection curve for concrete in compression, shown in Fig. 3, has214

a continuous slope while leaving the elastic stage and a round peak at the maximum215

strength. These features can be replicated in the damage model by enforcing two con-216

straints on the compressive damage description: one that ensures a continuous variation217

of slope of the uni-axial compression deflection curve (Hofstetter and Meschke 2011)218

and one that requires that the uni-axial compression deflection curve has a peak that is219

smooth and convex, i.e., the expression in Eq. (3) is twice differentiable.220

The first criterion221

The first criterion enforces a continuous variation of slope of the uni-axial com-222

pression deflection curve. In the uni-axial compression testing, a vertical compression223

is applied at the top of the testing coupon, and leading to tensile horizontal strains.224

Damage is initialized when the equivalent strain is larger than ε0. Let εc be the strain225

due to compression; | εc |= ε0
ν

is the compressive strain at initiation of damage. The226
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stress in the elastic and damaged stages can be calculated as:227

σ =


Eε if ε ≤ εc

E(1− ωc)ε = E
(
ε0(1−Ac)

κ
+ Ac

eBc(κ−ε0)

)
ε if ε > εc ,

(11)

where κ is the maximum strain in the history, κ = ν | εc | under uni-axial compression.228

In the elastic stage, the first derivative of the compression deflection curve is ∂σ
∂ε

= E.229

When damage is initialized, the stress can be calculated from Eq. (11):230

σ = E

(
ε0(1− Ac)

νε
+

Ac
eBc(νε−ε0)

)
ε . (12)

The first derivative of the stress-strain function in the damaged region can be calculated231

as:232

∂σ

∂ε
=

E(Ac − εAcBcν)

eBc(νε−ε0)
. (13)

Initialization of damage corresponds to ε = ε0
ν

in Eq. (12). Then,233

∂σ

∂ε

(ε0

ν

)
= EAc(1−Bcε0) . (14)

Because of the continuity of the slope at the damage initialization point, the first deriva-234

tive of the stress-strain function in Eq. (14) is equal to E. Then the following expres-235

sion is obtained for the first constraint:236

AcBcε0 = Ac − 1 (15)
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The second criterion237

The second criterion is enforced to guarantee that the compression curve has a238

round peak. Thus, the first derivative of the stress-strain relation (Eq. (13)) is contin-239

uous and equal to 0 and the second derivative is less than zero at the peak, conditions240

that lead to:241

ε =
1

Bcν
(16)

and242

∂2σ

∂ε2
= EAcBc

−2ν + εBcν
2

eBc(νε−ε0)
< 0. (17)

Damage exists for ε > ε0
ν

, that is 1
Bcν

> ε0
ν

, therefore Bc <
1
ε0

. Substituting Eq. (16)243

into Eq. (17),244

∂2σ

∂ε2

(
1

Bcν

)
=
−AcBcνE

e1−Bcε0
< 0 (18)

The right hand side of Eq. (18) is always negative, which demonstrates that satisfying245

Eq. (16) automatically ensures that the second derivative is negative at the peak.246

The compressive strength can be calculated based on Eq. (12) as247

fc = σ

(
1

Bcν

)
=
Eε0(1− Ac)

ν
+

EAc
Bcνe(1−Bcε0)

(19)

and provides the equation of the second constraint:248

fc = Ac

(
E

Bcνe(1−Bcε0)
− Eε0

ν

)
+
Eε0

ν
(20)

The lateral tension strain in the uni-axial compression test is νfc
E

. Then the following249

condition should be satisfied when the damage is initialized:250

ε0 <
νfc
E

. (21)
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Equations (15) and (20) form a system from which Ac and Bc can be uniquely251

determined provided all the other material parameters involved are known. Therefore,252

only E, ν, fc, ε0, εf and β remain to be calibrated for the masonry material.253

CALIBRATION OF MATERIAL PARAMETERS254

In this section the geometry of the structural components is described and all the255

steps of the procedure for the calibration of material parameters are explained.256

Frame257

The parameters for the steel frame are calibrated from the frame testing conducted258

at University of Illinois at Urbana Champaign (Gregor and Fahnestock 2013). The259

frame (ASTM A992 steel) has a span of 2.87 m, and a total height of 5.24 m. The260

height of the first story is 2.52 m. W 16 × 57 beams and W 12 × 58 columns were261

selected for the test specimen (Fig. 4(a)).262

In the first large scale experiment (Fig. 4(a)), the connectors were not attached to263

the masonry panels, and only the frame was tested. By design, the columns should264

be fixed to the ground. However, column rotation was observed in the experiments.265

To allow rotations and mimic the conditions in the test, two rotational plastic springs266

are inserted between the ground and the columns in the computational model. A weak267

element with very low yield stress is also inserted at the beam-column connection, in268

order to provide sufficient strength, allow end rotation and mimic low moment capacity269

to provide a realistic model of the connection (Fig. 4(b)).270

Horizontal cyclic displacement controlled loading is applied at the top of the frame271

and the reaction forces taken by the columns and the drifts of the first and the second272

story are recorded during the test. By matching the simulation results to the exper-273

imental data, the isotropic hardening modulus is calibrated to Hiso = 10 MPa, the274

kinematic hardening modulus is Hkin = 900 MPa, βs = 0.1, the yield stress is275

σY 0 = 345 MPa, and ultimate stress σY∞ = 448 MPa for all beams and columns.276
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(a) Experiment setting (b) Schematic representation for frame

FIG. 4. Hybrid masonry system

The stiffness of the inserted plastic rotation spring is calibrated toKspring = 100 MPa,277

and the yield stress to σy = 10 MPa. Since the weak elements are the main energy278

dissipation components in the frame, their properties determine the width of the hys-279

teretic curves. Based on experiment data (dashed line in Fig. 5), the weak element280

yielding stress is calibrated to 1.55 MPa, the ultimate stress is 2.02 MPa, and harden-281

ing is not significant. The hysteretic curves from simulations of cyclic loading based282

on the above calibrated parameters are shown in Fig. 5 and show that the numerical283

simulations provide good approximations for both the force–displacement response284

(Fig. 5(a)) and the drift data (Fig. 5(b)).285

Reinforcement286

Uncoated deformable reinforcement bar #5 (ASTM A615 Grade 60 steel with287

the diameter 15.875 mm) is used as reinforcement of the masonry panels. Data from288

tension testing (Fig. 6) was used to calibrate the numerical model for the reinforcement.289

The resulting properties are: yield stress of 507 MPa, ultimate stress of 795 MPa,290

βs = 60, kinematic hardening modulus of 400 MPa and result into the stress versus291
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(a) Hysteretic response of the frame
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(b) Second vs. first story displacements

FIG. 5. Calibration of frame parameters

strain curve shown in Fig. 6.292
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FIG. 6. Tension test: stress-strain curve and experimental setup (photo
courtesy of University of Hawaii at Manoa)

Connectors293

In the hybrid structure testing, the top of the connectors (with length L = 0.5602 m,294

width w = 0.152 m, and thickness t = 0.0127 m) is fixed to the beams. The base of295
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TABLE 1. Connector constitutive parameters

E (Pa) ν σy (Pa) σu (Pa) βs Hkin (Pa)

2 · 1011 0.26 4.22 · 108 1.149 · 109 0.1 1 · 1010

connectors is linked to masonry panels via a bolt. Because of the slot at the base296

of connectors, the connector can move vertically within a limited range and rotate297

freely around the bolt location, while the lateral relative displacement of the base is298

constrained. Fig. 7(a) shows the photo and the schematic diagram of a link plate con-299

nector with its boundary conditions: the vertical movement and rotation at the top of300

the connector are constrained, and horizontal displacement control is applied, while301

the connector is hinged at bolt location.302

The relative lateral displacement between the two ends of connectors from the303

global testing is utilized as displacement loading. The connectors are modeled with304

beam elements with the cross section discretized in several layers. The constitutive305

parameters that result from the calibration are listed in Table 1. In Fig. 7(b), the306

continuous line corresponds to the solution using the numerical elasto-plastic model307

with kinematic hardening (Eq. (1)), while the dashed line represents the experimental308

hysteresis curve. The simulation results match the experimental data very well through309

most of the loading sequence, except a small range near the state where the connector310

loading changes its sign. In practice a small vertical reaction force may be present if311

the displacement of the lower end of the connector becomes larger than the range of312

relative displacement allowed by the slot through which the bolt is inserted. However,313

the vertical displacement of the base of the connector is constrained in this calibration314

model, so the movement of the connector base is not included, which causes the differ-315

ences between the testing data and the numerical results in Fig. 7(b). This assumption316

is only used for calibration, which was performed using the relative displacements of317

the upper and lower ends of the connector (consistent with the connector testing sep-318
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(a) Connector geometry and experi-
mental setup (photo courtesy of Uni-
versity of Hawaii at Manoa)
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(b) Connector response under cyclic loading

FIG. 7. Connector geometry, and response under cyclic loading

arate experiment). In the model of the full hybrid system the base of the connector is319

linked to the masonry wall only in horizontal direction, and can move freely in vertical320

direction.321

Masonry panels322

Two reinforced masonry panels are inserted inside the frame, with 25.4 mm gap323

at the two sides and the top. The first story masonry panel size is 2.43 m × 2.44 m324

and is reinforced with 3 horizontal and 2 vertical reinforcement bars, while the second325

story panel is 2.43 m × 2.03 m and is reinforced with 5 horizontal and 6 vertical #5326

reinforcement bars. The parameters for the constitutive model of the reinforcement are327

given in the previous section. The layout of the reinforcement bars is shown in Fig. 8.328

Fully grouted 20 cm × 20 cm × 40 cm concrete masonry blocks are used.329
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Brief description of the Nelder-Mead algorithm330

The Nelder-Mead simplex algorithm is a very popular method for non-linear multi-331

dimensional unconstrained optimization. This method is used to minimize a scalar-332

valued non-linear objective function of n real variables using only function values,333

without any derivative information (explicit or implicit). Therefore, this method does334

not require computation of the gradient or the Hessian of the objective function. The335

Nelder-Mead method is a global search method that can converge even when the initial336

simplex straddles multi-valleys (Nelder and Mead 1965), provided that the dimension337

of the simplex is small. Although, the Nelder-Mead is not as computationally effi-338

cient as other optimization approaches, and can have difficulties converging for large339

size systems, the reduction in the number of parameters accomplished in the previ-340

ous section ensures the robustness and efficiency of the Nelder-Mead method in this341

study. This optimization method is only a choice, adopted here for its simplicity and342
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performance on the reduced system.343

The simplex procedure (Olsson and Nelson 1975) approaches the minimum by344

moving away from high values of the objective function by reflecting, extending, con-345

tracting, or shrinking the simplex. The volume of the searched space can be constrained346

using barrier functions. Any trespassing by the simplex over the border will be forbid-347

den by a contraction movement to keep it inside. To explain the Nelder-Mead method,348

consider an example with a simplex formed by four vertices shown in Fig. 9 used to349

minimize the objective function φ(x) : R3 → R. At any iteration, the method maintains350

a simplex of approximations to the optimal value. Initially, a simplex is formed using351

the initial guess and three other points obtained by perturbations of a single component352

xi of this initial guess. In each iteration, the Nelder-Mead algorithm attempts to remove353

the vertex with the largest function value (”worst guess”) and to replace it with a new354

vertex with a smaller function value. The replacement point is searched first on the line355

that passes through the worst vertex and the centroid of the other three vertices. As-356

suming the vertices were ordered from best to worst, φ(x1) < φ(x2) < ... < φ(x4), the357

worst vertex is then x4 and the centroid of the ”better” three vertices is x0 = x1+x2+x3

3
.358

The equation of this line can be parameterized as y(s) = x0 + s(x4−x0). On this line,359

a common choice for the implementation of a Nelder-Mead scheme searches within360

a set of four points: the expansion y(2), the reflection y(−2), the outside contraction361

y(−1
2
), and the inside contraction y(1

2
). If neither of these points is better than x4, the362

simplex is shrinked towards the best point x1. This procedure guarantees that the av-363

erage objective function value at each step is non-increasing. A visual representation364

of this procedure for a three dimensional space is shown in Fig. 9. For more details365

on the Nelder-Mead algorithm the interested reader is referred to (Nocedal and Wright366

2006).367
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FIG. 9. Representation of the Nelder - Mead search algorithm

In this work, the objective function for the Nelder-Mead method is:368

Φobj =

√∑N
n=1(fnsim − fnexp)2

N
+
∑
i

Pi , (22)

where n is the loading step, N is the total number of loading steps, fnsim is the reaction369

evaluated numerically at the loading step n, and fnexp is the experimental data recorded370

at the same load step. The objective function value Φobj collects contributions from the371

differences between the simulation and experimental results for all the loading steps,372

and barrier functions Pi are embedded in the objective function (Shen et al. 2010) to373

enforce physical bounds on the variables involved.374

For the damage model, only four parameters, r (the ratio of the wall compressive375

strength to the brick strength), ε0 (strain at initiation of damage), εf (ultimate tensile376

strain) and β (coefficient influencing the shear behavior) are calibrated. The ranges377

for these parameters are: 0 < r ≤ 1 (the compressive strength of wall is smaller378

21



than the strength of an individual brick due to size effects (Bazant 1992)); ε0 > 0;379

εf > ε0 (the shape of the curve can exhibit snap-back for material behavior (Gao380

2014)); 0 < β ≤ 1.05. These bounds are enforced via barrier functions embedded381

the objective function to avoid that the solution moves outside the allowable domain.382

For instance, the barrier function used to guarantee a positive value for r is:383

P1 = 10Nb(θb−r)/θb , (23)

where 0 < θb � 1, andNb � 1. If r> θb, P1 is very small, and has very little influence384

on Φobj . However, if the value of r is less than θb, P1 becomes very large, and increases385

Φobj significantly. Since the method is designed to avoid this, it will ensure that such386

non physical values are not chosen. All barrier functions use similar expressions by387

replacing r with the appropriate expressions in terms of the variables that need to be388

bounded.389

Calibration of the damage model parameters for masonry390

A uni-axial compression test on a large brick (20 cm × 20 cm × 40 cm) was391

performed (test setup shown in Fig. 10(a) and range of the experimental data shown392

in Fig. 10(b)). The compressive strength (fc), Young’s modulus (Ebrick), strain at the393

elastic limit (ε0), and Poisson’s ratio (ν) listed in Table 2, are calibrated using the data394

from the initial, small strain range of the data. The remaining parameters necessary395

for the calculation of the damage coefficients due to tension (Eq. 5) and compression396

(Eq. 3) are εf , Ac, Bc and β. Since the loading is pure compression, the parameters397

related to the tension deformation, εf and the shear deformation reduction factor β do398

not influence the results. The two physical constraints derived before (Eqs. 15 and 20)399

can then be used to simplify the calibration procedure and to ensure consistency with400

the typical behavior in compression of the concrete masonry.401

In this section, the effectiveness of the two constraints placed on the compression402
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(a) Experiment setup (image
courtesy of University of Illi-
nois at Urbana-Champaign)
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FIG. 10. Deflection curve for uni-axial compression test

TABLE 2. Parameters for uni-axial compression test

fc (MPa) Ebrick (Pa) ν ε0

24.4 1.93 · 1010 0.2 0.00022

constitutive law is first verified using the uni-axial test data. Then all parameters for403

the damage model are calibrated using the proposed automatic calibration procedure404

from data for the base masonry panel extracted from the full hybrid system testing.405

The values of Ac and Bc determine the shape of the force-deflection compression406

curve for concrete. Pijaudier-Cabot et al. (1991) suggested the following ranges: 1 <407

Ac < 1.5 and 100 < Bc < 5000. Extended ranges for both Ac and Bc are examined408

here in order to demonstrate the effectiveness of the two constraints. The simulation409

error in strain energy obtained using parameters over the domain 1 ≤ Ac ≤ 10, 100 ≤410

Bc ≤ 5000 is shown in Fig. 11(a). The two Ac–Bc curves satisfying the first and411

second criterion are represented with ’+’ and •, respectively. It can be seen that for412

most values on these two curves, the error is small. Moreover, the zoom in over the413

domain that contains the intersection of the two constraints shown in Fig. 11(b) clearly414
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shows that satisfying both constraints leads to minimal strain energy error.415

(a) Error in the whole domain (b) Zoom in region with small error

FIG. 11. Strain energy error

In the hybrid system test, the base of the first story masonry panel is fixed to the416

ground. The hysteretic response of the base wall is determined by extracting the panel417

reaction force from the global (full-system) data; the movement of the base of the con-418

nector, also recorded during the global testing is the displacement loading applied at419

the bolt locations in the wall in the base panel simulation. In the calibration stage, the420

envelope of the hysteretic curve is utilized. After obtaining the parameters, the numer-421

ical hysteretic curve is compared with that from testing to verify the effectiveness of422

the calibration under the real cyclic loading.423

An extensive study of the effect of the bolt location was performed in (Nistor et al.424

2015). The radius of the interaction area is first determined lR = 0.115 m based on425

the experience that resulted from the calibrations performed in that study. This pa-426

rameter typically depends on the distance between the location of the bolt attaching427

the connector to the wall and the edge of the wall or the nearest reinforcement. The428

mesh convergence study performed (Fig. 12) demonstrates that the resulting non-local429

approximation achieves spatial convergence. Moreover, attempts to include this pa-430
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FIG. 12. Mesh convergence study for the base wall

TABLE 3. Parameters for the damage model of the masonry panel

Ewall (Pa) ν r ε0 εf β Ac Bc

2.2 · 109 0.2 0.99 3.347 · 10−4 7.157 · 10−3 1.015 1.067 188.1

rameter in the calibration performed in this current work did not bring any corrections431

to the chosen value, confirming the conclusions of Nistor et al. where recommenda-432

tions were made for the selection of this parameter.433

Then, the values of Ewall and ν are obtained by matching the experimental data for434

the elastic stage. The ratio Ewall / Ebrick obtained here is consistent with that obtained435

by other researchers (see for instance Zucchini and Lourenço (2009)). The values of436

r, ε0 (larger than zero), εf (larger than ε0) and β (between 1.0 and 1.05) are obtained437

utilizing the Nelder-Mead simplex method and are listed in Table 3. Ac and Bc are438

calculated based on Eq. (15) and Eq. (20).439

The objective function in the Nelder-Mead simplex method is evaluated in terms of440

the difference between the monotonic loading deflection curve from simulations and441
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the envelope of the experimental hysteretic curve. Fig. 13(a) shows that the simulation442

based on parameters at the end of the calibration process given in Table 3 (continuous443

line) matches the experimental data (dashed line).444

Applying the cyclic loading sequence extracted from testing on the base wall, and445

using the parameters in Table 3, the hyteretic curve (base masonry panel reaction force446

vs. displacements of the connector bolts) from the finite element simulation (continu-447

ous line) is shown to match fairly well the experiemntal data (dashed line) in Fig. 13(b).448
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(a) Deflection curve under monotonic loading
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(b) Hysteretic curve under cyclic loading

FIG. 13. Masonry calibration: simulation vs. experiment using base wall
data extracted from the global system data

In experimental testing, the observed cracks are mainly concentrated at the base449

of the first floor masonry panel (Fig. 14(a)). The relative displacements between all450

adjacent LEDs are recorded in testing, and are considered as reference. The ratios of451

the distance between two adjacent LEDs to their corresponding reference distance are452

calculated and shown in Fig. 14(b). A ratio larger than 1 indicates possibility of crack453

opening in the masonry panel. The ratio profile in the masonry panel is consistent with454

the distribution of the observed cracks on the panel. The damage pattern obtained from455

simulation is shown in Fig. 14(c). The damage model for the masonry wall predicts a456

qualitatively similar damage distribution in the base masonry panel to that observed in457
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testing.
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FIG. 14. Damage pattern in the masonry panel of the base wall (image (a)
courtesy of University of Illinois at Urbana-Champaign)

458

MODEL VALIDATION: SIMULATION OF THE FULL HYBRID SYSTEM459

The calibrated parameters for the damage model for the masonry panel and the460

elasto-plasticity model for all steel components are next used to simulate the behavior461

of two hybrid masonry systems under cyclic loading. The simulation results for the462

full system show that the numerical models accurately describe the responses of the463

hybrid masonry system subject to cyclic loading. Note that a second full system was464

then tested and no data from this was used in calibrating the masonry panel parameters.465

The simulation performed on this second system demonstrates that the models previ-466

ously calibrated can predict the behavior of a new system, thus validating the models467

proposed and confirming the effectiveness of the calibration methodology proposed in468

this paper.469

Hybrid system 1470

A good agreement between the experimental and simulation hysteretic responses471

for the whole hybrid masonry system is shown in Fig. 15(a). The simulation results for472

the base masonry panel match the experimental data very well in terms of the loading473

capacity. However, the experimental data overestimate the reaction force for the full474
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(a) Hysteretic response of the whole system

(b) Left foundation damage (image cour-
tesy of University of Illinois at Urbana-
Champaign)
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FIG. 15. Full system test and simulations

system and masonry under positive loading after the structure starts to fail, due to the475

extensive damage in the foundation at large displacements (shown in Fig. 15(b)). This476

is not captured in the simulation, for which perfect boundary conditions were assumed.477

Fig. 15(c) shows the damage distribution in both masonry panels. Flexural deformation478

happens at the base of the first floor masonry panel, and the upper story is not damaged,479

which is consistent with the observation in testing in Fig 14.480
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TABLE 4. Connector constitutive parameters

E (Pa) ν σy (Pa) σu (Pa) βs Hkin (Pa)

2 · 1011 0.26 4.22 · 108 1.149 · 109 0.1 5 · 109

Hybrid system 2481

The system used previously to calibrate the parameters has very strong connectors482

and dissipates energy mostly through the damage of the weaker first story masonry483

panel. To validate the calibration procedure, a hybrid structural system with different484

connectors (constitutive parameters given in Table 4), connectors placement (2 con-485

nectors only at each story), and different reinforcement layout in the base masonry486

panel (Fig. 16) is used next. Fig. 16(a) shows the tapered connector and provides its487

dimensions. In the first floor masonry panel, there are four vertical reinforcement bars488

in this case (same layout as in Fig. 17). The frame geometry, the second floor masonry489

panel reinforcement layout, the external loading and the boundary conditions remain490

the same as those in the previous hybrid structural system. Unlike system 1 whose first491

story panel was completely destroyed at the end of the testing, system 2 has weaker492

(and fewer) connectors and dissipates more energy through connector yielding. How-493

ever, while full cracks are not formed, there still is damage present in the top story494

panel (around the bolt location and at the base of the panel).495

Fig. 18 demonstrates a good agreement of the hysteretic behavior of the full scale496

hybrid masonry structure retrieved with finite element analysis (solid lines) when com-497

pared to experimental data (dashed line). This case study proves that the calibrated498

parameters are capable of predicting the performance of hybrid structural systems.499
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FIG. 16. Hybrid masonry structure with tapered connectors
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FIG. 18. Hybrid masonry structure behavior under cyclic loading

SUMMARY OF THE CALIBRATION PROCEDURE500

In summary, the procedure for the systematic calibration of model parameters501
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2.1

0.8 0.6 0.8

FIG. 17. Reinforcement grid in the base wall of the hybrid structure sys-
tem with 4 inch connectors

based on large scale experiments on hybrid masonry walls can be described as:502

1. Use testing data from individual component testing to calibrate the parameters503

of the constitutive model for the frame and the reinforcement bars;504

2. Extract the data for connectors from the global hybrid structure testing to cali-505

brate the connector parameters;506

3. Enforce physical constrains to reduce the number of the parameters in the dam-507

age model for the masonry wall that require calibration;508

4. Use an optimization algorithm to calibrate the parameters for the damage model;509

5. Verify the effectiveness of the calibrated parameters by simulating the whole510

hybrid structure using the calibrated parameters;511

6. Verify the calibration by also predicting the behavior of a different hybrid struc-512

tural system (the data from the experimental testing of this system was NOT513
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used in any of the previous steps).514

CONCLUSIONS515

A procedure for the systematic calibration of constitutive parameters for hybrid516

system components is presented in this work. The elasto-plastic model with kinematic517

hardening for different steel components is calibrated based on several sets of compo-518

nents experimental data. For the damage model for masonry, this work introduces a519

systematic procedure for the calibration of the constitutive parameters, needed when520

there is not enough available experimental data to calibrate individually each parame-521

ter in the models. The proposed calibration procedure is based on the available global522

behavior testing data and utilizes practical mathematical constraints on the constitutive523

description to replace more extensive and costly tests. Therefore, the proposed pro-524

cedure simplifies the damage model calibration and overcomes the sometimes severe525

limitations due to the lack of sufficient material testing data. The numerical simula-526

tion results demonstrate that the calibrated models predict the system and components527

responses accurately.528
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