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Abstract. This study uses an explicit numerical algorithm to evaluate the ultimate load capacity analysis of
a unit Strarch frame, accounting for the initial imperfection effects of the stress-erection process.
Displacement-based filament beam element and an explicit dynamic relaxation method with kinetic damping
are used to achieve the analysis. The section is composed of the finite number of filaments that can be
conveniently modeled by various material models. Ramberg-Osgood and bilinear kinematic elastic plastic
material models are formulated to analyze the nonlinear material behaviors of filaments. The numerical
results obtained in the present study are compared with the results of experiment for stress-erection and
buckling of unit Strarch frames.

Keywords: Strarch; stress-erection process; bucking analysis; filament element; dynamic relaxation
method.

1. Introduction

As shown in Fig. 1, a Strarch system is erected by the so-called “stress-erection” process, in which the
tendon is installed in the bottom member by post-tensioning. The overall frame is composed of a non-
deformable rigid frame and shape-changing flexible frames, as illustrated in Fig. 2. The structural
design and initial stability are determined through this process. The initial imperfections of curvature
and excessive yield strain are occurred in the flexible top chord member.

A simply supported boundary condition, consisting of one pin and one roller support, and bottom
member details including a sleeve and gap are the main mechanisms enabling the unique properties of
stress-erection. Few structural systems exist in which geometry and material nonlinear behavior are
more closely tied together than in the Strarch system. While an interesting feature, this peculiarity is the
one of reason Strarch systems have not been reviewed and considered for large-span structures. The
pre-existing imperfections of initial curvature and yield strain in the top chord member are not a
familiar feature in conventional design methodology.

The previous pioneering research work of Clarke and Hancock (1995) addressed the design
methodology of stress frames through comprehensive numerical and experimental studies on the
Strarch system. They studied the Strarch system’s ultimate load capacity analytically by using the
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implicit finite element method in a two-dimensional formulation considering geometric and material
nonlinearity and verified its accuracy by comparing the results with the experimental studies. The
design curve of the system was proposed from parametrics studied by using numerical methods. Using
this design methodology, Key et al. (2000) reported design case studies. It was proven that the system is
essentially linear elastic over normal values of working load and approaches the ultimate strength limit
state within predicted values after erection.

This paper proposes an explicit nonlinear numerical algorithm for stress-erection and ultimate load
capacity analysis, to study the structural behavior and design methods for Strarch system. The initial
imperfections induced by the stress-erection process are considered in ultimate load capacity, buckling
and post-buckling analysis.

To this end, the explicit solution, the dynamic relaxation method (DRM) with the kinetic damping
technique (Lee ef al. 2011, Rezaiee-pajand and Alamatian 2010, 2011, Alamatian 2012, Rodriguez et
al. 2011) is used to solve the equilibrium equation using vector equations, without the need for any
implicit matrix derivation and operation. Satisfaction of the equilibrium force deformation relationship
is required only.

The plastic zone (distributed plasticity or spread of plasticity) method is used to ensure accurate stress
distribution in sections of the flexible top chord member. The member is subdivided into several
elements along its length and the cross-section to model the material’s nonlinearity. In the literature, the
material nonlinearity is often evaluated at a fixed number of cross sections of filaments or fibers (Mari
2010). Each section is subdivided into longitudinal filaments with inherent advantages in uniaxial
stress-strain behavior from which the behavior of the element section is derived.

The subdivided section modeling methodology is typically divided by the use of displacement-based
or flexibility-based elements. The displacement-based subdivided filament beam element derives its
stiffness matrix directly from the classical finite element displacement approach (Mari 2010). The
disadvantages of this method are problems of numerical instability near or at the ultimate resistance
state. The flexibility-based fiber beam-column element was proposed based on the classical
displacement-based stiffness method to develop more robust and reliable elements. The stiffness matrix
is derived by inversing the flexibility matrix that describes the relationship between force and
deformation. The advantage of the flexibility-based fiber beam element formulation stems from the
realization that, irrespective of the state of the element, the force interpolation functions always satisfy
the equilibrium equations of the element as long as no element loads are applied. In other words, the
assumed internal force distributions are exact no matter what material nonlinearities take place at the
section level, even as the element starts losing strength when deformed beyond its ultimate capacity.

The distinction between the filament and fiber approaches is not meaningful when the DRM is used
because this method does not use a tangent stiffness matrix; only an element force equation is required.
For this reason, this study subdivides the element section into displacement-based filament elements
(Mari 2010), and the element internal forces are always evaluated by integrating, over the volume of the
element, the contribution of each steel filament over the sectional areas within the element. Numerical
integration over the element length is performed by Gaussian quadrature using two gauss points.

Correlation studies between analytical results and the experimental response of stress-erection and
ultimate load capacity for a unit Strarch frame show the ability of the proposed method to describe the
nonlinear behavior of the flexible top chord member in a Strarch frame.
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2. Description of the strarch system

As shown in Figs. 1 and 2, the Strarch system is a unique steel structural system capable of a span of
110 m and 87 m before and after construction, respectively, a length that can house a Boeing 747
commercial airplane. The system is divided into rigid and flexible frames by the role of the bottom
chord details. A gap and sleeve are introduced to the bottom chord member in flexible section frames,
which enable the flexible section to deform almost freely. As a result, the structural design shape and
structural stability is determined at the final stage of the stress-erection process. The Strarch frame
predominantly comprises square and circular hollow section structural steel members, usually welded
together into frame segments that are subsequently bolted together on-site into complete frames.
However, during the stress-erection process, the curvature and yield strain eventually introduce
excessive plastic strain in the top chord member of the flexible section frame. This is the most unusual
feature of the system.

To verify the structural ultimate load capacity of a Strarch frame to be constructed in Korea for an
airplane hangar, experimental studies were performed on the scale unit frame shown in Fig. 2. The
height and length of the unit frame are 4.7 m and 7.2 m, respectively, and a gap of 332 mm length is
introduced. The top chord member section is subdivided into many filament elements for the numerical
study. The element stiffness and forces are evaluated by integrating over the volume of the element. A
geometrically nonlinear truss element is used to model the web member, and a gap element is adopted
in the bottom member.

3. Numerical model
To investigate the gradual yielding in a cross section of the top chord member, a formulation of 3D

filament beam elements (Mari 2010) is used to evaluate its geometric and material nonlinear behavior.
Fig. 3 illustrates the section, geometry and degree of freedom (DOF) of the displacement-based FE-

tendon

Fig. 1 Erection process and details of the Strarch system (Lee and Han 2011c)
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Fig. 2 Strarch system and unit model used in this study

formulated filament beam element. The hollow steel section is subdivided into many filament groups.
The sectional stiffness and resultant force of each element is evaluated by integrating or summing
filaments over the cross-section. The sectional status of material nonlinearity of yielding is evaluated by
the uniaxial stress-strain relationship of the material models. Fig. 4 illustrates the material model of this
study; the Ramberg-Osgood and bilinear material models are used for the steel filaments. After the
uniaxial strain is calculated from the strain-displacement relationship of the element, the current stress
of each filament is obtained from the stress-strain curve of the specific material model. The equilibrium
status of the system is obtained when the residual force vector is minimized. Therefore, the explicit
solution method is sufficiently possible and efficient.

Under these circumstances, the explicit DRM is used to simulate the two stages of the system: the
stress-erection process and the ultimate load capacity analysis. The effort required to derive and solve a
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Fig. 4 Uniaxial stress-strain curves of the top chord member

tangent stiffness matrix is omitted by using this quasi-static explicit nonlinear numerical algorithm.
Only explicit vector equations are performed to a required degree of accuracy.

3.1 Filament beam element

In the FE formulation of displacement-based filament beam elements, the tangent stiffness matrix is
derived from the virtual work principle. However, for the explicit algorithm used in this study, the
matrix operations of the tangent stiffness matrix are not essential; only the element equilibrium
equation of strain-displacement relationship is required. The element nodal force vector is obtained by
integrating the stress over the element volume. Because there is no distinction between displacement-
based and flexibility-based algorithms, only satisfying the conditions related to the equilibrium
equations of the system is necessary. Therefore, the element formulation in this study is identical to that
of the flexibility-based algorithm, but the displacement-based algorithm is nevertheless used here to
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calculate the strain of the subdivided sectional filaments.
According to the geometry and DOFs of Fig. 3, the displacement fields of the filament beam element
on its local x axis are described as follows.

= Nyus vg = Nvs wo = Nyw; 0,9 = N0 (1)
here
T T T
u = (uh U, u3) >V = (vla V2, 9217 022); w = (wla Wza vyl 9y2) 9 ( x1> 2) (2)
Nu = (Wla V2, WE})’ Nv = (¢15 ¢2: ¢37 ¢4)> Nw = (¢17 ¢27 _¢3a _¢4); NH = (Wl: W2)

In Eq. (2), the shape functions for the Hermitian 13 DOFs are as follows.

= (- 403
o= 1028 (1) g = 3 2(2)
o= () ) 0= L)

An internal midside displacement DOF u,, eliminated at the element level, leaves only 12 DOFs for
the beam element. This incompatibility in DOFs is necessary for correctly modeling the bending
stiffness and to account for shifting of the neutral axis due to cracking and other material nonlinearities
in a reinforced concrete beam. For the explicit formulation of this study, only 12 DOFs for the steel
beam element are considered without the internal midside displacement DOF y,,.

The axial displacement #, at any point within the beam element can be obtained by assuming Euler-
Bernoulli beam kinematics with 12 DOFs as follows.

v
* i Vax

In Eq. (4), uy is a nodal axial displacement omitting the midside #, DOF. Thus, u, is described as
follows.

u

“4)

uy = Nyt (%)

here, N, = (y4, ys); uo" = (1, uy)
The axial strain is then obtained by differentiating u, with respect to x, as follows.

x d”o dw _dv
= = _4w 4V _ B B, B
£, . o z e ydx wod—zB ,w—yB,v (6)

The twist ¢ along the reference axis x is described as follows.
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_db,
2 dx 390 (7)

The uniaxial current stress o of the subdivided filament elements is then calculated using the
relationship of the nonlinear stress-strain curves of the material models given in Fig. 4. Various material
models can be used to describe the material nonlinearity of uniaxial stress-strain relationships easily.

An updated Lagrangian formulation, in which the direction of the local reference system is
continuously updated as the structure deformed, is used to account for any geometric nonlinearity. The
approach is generally used for analyses with large displacements but small strain and incremental
rotations. Therefore, the member should be divided along its length of element to be used for the large
strain and rotation problems, such as ultimate buckling and post-buckling analysis.

The internal resisting vector or element nodal force vector f due to the stress o and torque 7 in the
beam can be obtained by the following equations.

_ T T
f= J'VB odv + J'LBQ T.dx (8)

here, B = [B.0, B,», B.]

Originally, the formulation of this study was intended to be applicable to 3D problems. However, in
this instance, the unit Strarch frame is analyzed for the 2D case, and thus, the torque 7, is not
considered.

The advantage of explicit formulation of elements is the possibility of omitting the structural
instability of a system matrix and the simplified formulation of element theory. The large numbers of
equations used to determine the stiffness of an element are not required, unlike in the more common
implicit Newton Raphson (NR) method. The numerical instability of the singularity of a tangent
stiffness matrix may occur at a structure’s limit state of buckling, causing material yielding and failure.
The detection of the structure’s critical point is not the subject of this study; otherwise, an implicit
algorithm of eigenvalue-based bifurcation analysis would have been used. The explicit formulation of
this study is a simple and efficient approach for the simulation of Strarch frames during stress-erection
and buckling analysis. The accuracy and applicability of these methods are discussed in the following
section of the numerical results.

3.2 Explicit solution method: dynamic relaxation method

The DRM is a well-known quasi-static iterative nonlinear numerical algorithm, originally proposed
by Day (1965). The dynamic motion of a system may be damped into equilibrium due to a viscous or
kinetic damping term. Recently, Rezaiee-Pajand and coworkers have proposed remarkable improved
numerical algorithm for the optimized DRM with viscous damping technique (Rezaiee-pajand and
Alamatian, 2010, 2011, 2012, Rezaiee-Pajand and Sarafrazi, 2010, Rezaiee-Pajand ef al. 2011).

In contrast, the kinetic damping technique do not use the viscous damping term, which only set the
velocity vector to zero when the local kinetic energy peak time step with diagonal mass term. It needs
not any formulation of tangent stiffness matrix and implicit solving process. The storage and numerical
process of calculating the nodal displacement becomes remarkable simple. The kinetic damping
technique was proposed and improved by many researchers (Barnes 1988, Han and Lee 2003, Topping
and Ivanyi 2007, Lee et al. 2011, Rodriguez et al. 2011, Alamatin 2012) who mainly focused on the
simulation of lightweight or unstable structures. However, the DRM with viscous or kinetic damping
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techniques is also applicable to buckling or material nonlinear problems (Rezaiee-pajand and Alamatian,
2011, Lee et al. 2011).

The Strarch system is an unstable structure. It presents a quasi-static problem during the stress-
erection process. Thus, the DRM with kinetic damping is appropriate for understanding the stabilizing
process of a Strarch frame. It is also possible to simulate ultimate buckling and post-buckling analysis
of Strarch frames without any matrix instability.

The governing equation of the DRM comes from the equation of dynamic systems as follows.

p' = Md' +CvV+Kd' )

Here, M and C are a fictitious mass and viscous damping, respectively. a’ and v’ are the acceleration
and velocity, respectively, at time step 7. The fundamental feature of the DRM is that the static equilibrium
state of the structures is determined by the damped motion of the dynamic system during the pseudo
quasi-static time integration. It is a static nonlinear method, not a dynamic one. Therefore, the load
vector is not time-dependent, but static. Substituting the dynamic load p’ with the static load p and
rearranging the governing Eq. (9), it can be rewritten as follows.

r'= Ma'+ Cv' (10)

As a result, Eq. (10) is a fundamental governing equation of the DRM. The DRM is an iterative
nonlinear algorithm used to find the static equilibrium state of structures by minimizing their total
potential energy, and therefore, the left-hand side of Eq. (10) represents an unbalanced force r' at a
pseudo quasi-static time step 7.

Considering that nodal velocity and acceleration varies linearly for time increment, Az, the nodal
velocity and acceleration can be obtained by using the finite difference method and can be written as
follows.

r_ 1( ) ! 2)
== + 11
v 3 v v (11)
At At
i1 ( "2 ’*7)
= —|v -V 12
a=— (12)
Substituting Eq. (11) and Eq. (12) into Eq. (10), the unbalanced force can be written as follows.
1 ¢+ 4t 4 1 +4 Pl
= =My T —v 2)+—C(v 1y 2) (13)
At 2
Therefore, Eq. (13) can be rewritten in terms of the velocities at times ¢ + A¢/2 and ¢ — A¢/2 as follows.
(4t -1 -4t -1
y 2= [iMJrlC} [iMflCJv ’ +[iM+lCJ r (14)
At 2 At 2 At 2

Assuming the viscous damping is only proportional to the mass, the viscous damping becomes as
follows.
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C = %tM (15)

where ¢'is damping coefficient per unit mass and it is constant for whole structure. After substituting
Eq. (15) into Eq. (14), then Eq. (14) yields as follows

At At

t+= t—=
v 2 =Av P +Br (16)
Where
! ! At -1
A=(1—c—) (1+c—),3=—1+AM 17
) 1+5 (1) a7

It is assumed that the diagonal mass matrix is saved in vector form in Eq. (16) and Eq. (17) for the
numerical efficiency, since the structural behaviors are determined through the calculation of nodal
velocity vectors without formation of tangential stiffness matrix.

In this study, a simpler and more efficient kinetic damping technique is used to control motion
without the viscous damping term. The viscous damping term of Eq. (15) set to zero. And resulting
structural response of velocity v'*#"? at time step 7+ Af/2 can be derived explicitly using the velocity
v!~4"2 at the previous time step 7 — At/2 from Eq.(16).

As a result, the iterative displacement at time 7+A4¢ can be obtained by from Eq. (17), the iterative
displacement at time 7 + Af can be obtained by linearly interpolating the velocity at time increment Af as
follows.

A P

sd™ Y = Arv 2 = Atv o+ APMTY (18)

The unbalanced residual vector 7' can be re-written with external initial load p, and internal force
vector f* as follows.
A

S5d" Y = Ay 7+At2M71(/1t+Atp0_ff) (19)

here, A'*% is the incremental load parameter. A conventional load incremental analysis can be

performed by increasing the load parameter A'* . The external load of pj is not considered when the
stress-erection process is performed. Only the increment of tendon force is applied to the Strarch frame.

Dynamic relaxation method is a quasi-static iterative nonlinear solution method. The mass matrix in
Eq. (19) need not to be the true structural mass. Rather, Barnes (1988) and Topping and Ivanyi (2007)
reported that an optimally assumed fictitious mass that is proportional to the stiffness of the system
would increase the numerical stability and convergence speed.

To gaurantee the numerical convergence, the time step should be kept less than the critical time step
that proposed by Barnes (1988) as follows.

At < 2‘% (20)

From Eq.(20), Lee et al. (2011) calculated the fictitious mass by the diagonal tangent stiffness matrix,
K;; and scale parameter A as follows.
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2
M. o= 240k (21)
11 2 11

The important and unique terms to control the convergence of the DRM in Eq. (19) are the diagonal
mass matrix with the fixed time step Az. At the initial stage of preparing the DRM process, the diagonal
tangent stiffness matrix K; is assembled and stored in a vector rather than matrix form. The mass matrix
could be a simple diagonal rather than a consistent mass. The explicit form of Egs. (19) and (21) implies
that the overall analysis could be performed with a vector equation rather than with a matrix.

Recently, Rezaiee-pajand and Alamatian (2010, 2011), Rezaiee-pajand and Sarafrazi (2010), Rezaiee-
pajand et al. (2011), Alamatian (2012) proposed new fictitious mass matrix for DRM by using the
theorem of Gerschgorim which permits to obtain an upper bound to the eigenvalue of the full stiffness
matrix K. Though these approach show improved and good numerical results, the method presents as a
disadvantage that it needs at least the calculation of one stiffness matrix. When the diagonal mass
matrix is used without full stiffness matrix, the storage and computational efficiency can be reduced
remarkably.

Different from Eq. (21) which the fictitious mass is calculated from the diagonal tangent stiffness, K,
In this study, to calculate the fictitious mass matrix, the diagonal mass matrix is determined by
assembling the each element diagonal fictitious mass matrix, m;; 4, directly, and it can be written as
follows.

2

mi dgia = A'ATtRTkiiR (22)

In Eq.(22), k;; and R are element diagonal linear stiffness matrix and element rotational transformation
matrix. As mentioned before, the DRM is not dynamic solution algorithm but quasi-static or static
algorithm. Thus, the mass in Egs. (21) and (22) need not to be the true structural mass. The fictitious
mass which is proportional to the stiffness is sufficient for increasing the numerical stability and
convergence speed (Barnes 1988, Topping and Ivanyi 2007, Lee ef al. 2011).

If we assume that the values of £ and G.J at the mid-length of the frame element represent the average
value along its length, &; can be obtained explicitly as follows.

v _ |EA 12EL 12E1, GJ 4EL 4El, E4 12EL 12El, GJ 4EL 4El, ' 23
il L ) L3 ) L3 ) L D) L ) L ) L ) L3 ) L3 ) L ) L ) L
where EA = [Eds, EI, = | E-Zds,EI, = E-y'ds (24)

Numerically, the another explicit form of simplified equation for Eq.(22) are also possible which can
be expressed either as following equations.

2
Miin = A5 Imin(l,) 1] @5)

AP
Mii max = ﬂv? [max(k;) 1] (26)

In Eqgs. (22), (25) and (26), the fictitious masses m;; gig, Mii min, Miimax are aftfected by the element linear
stiffness matrix and scale parameter 4. Though, these fictitious masses are assumed to different value,
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that are all proportional to the stiffness of structure according to the scale parameter A and the accuracy
of solution is not dependent to the different mass formulation. These assumed fictitious masses affect to
the convergence speed only.

The conditionally stable condition is presented by an explicit algorithm, because it does not use the
tangent stiffness matrix. Thus, the numerical processes for maintaining the explicit algorithm’s numerical
stability and convergence rate should be prepared. To this end, the scale parameter A of Egs. (22), (25),
(26) is used to control the convergence process. By selecting the optimum value of A, the system can
stably converge to the equilibrium state. A relatively small scale parameter value of 4 would make the
analysis faster than a larger scale parameter value is used. The scale parameter A can control the
structure’s natural period by adjusting the assumed mass matrix. As the value of A is decreasing, the
fictitious mass term is scaled down, and the natural period and required iteration number for
convergence decreases as the mass matrix decreases. There is a similar relationship between the mass
and the natural period in structural dynamic theory, in which the iteration number for convergence is
influenced by the scale parameter A and the structure’s relative natural period. However, if the chosen A4
value is too small, the structure’s motion may fail to reach the stable convergence state, because a
numerical criterion for stability in the explicit algorithm is violated by high speeds or small time
increments in the structure’s quasi-station motion. Therefore, a larger A value should be used to find a
stable equilibrium state. Since the assumed mass in DRM using the kinetic damping technique is
fictitious, the system’s calculated period is also fictitious. We can obtain numerical stability in an
explicit DRM process by increasing the natural period, because the domain’s slow motion will prevent
an unstable diverging behavior. In the following section, the effects of different mass formulations and
scale parameter A are discussed.

4. The stress-erection process of a unit strarch frame

A numerical study of the stress-erection process was performed by using the explicit method
described in this paper. The unit Strarch frame illustrated in Fig. 2 and Fig. 5 is used for a simulation
involving various material models.

The numerical results of this study using the proposed explicit method were compared with a
previous analysis using lumped beam-column elements (Lee and Han 2011b) and experimental results,
verifying the numerical accuracy and applicability of this method.

Fig. 5 shows the structural characteristics of the Strarch frame. In Fig. 5(a), the gap is opened and the
top chord is initially straight. The initial imperfections are not imposed on the frame. As the post-
tensioning tendon force in the bottom chord member is increased, the gap closes and the initial
curvature and bending strain is imposed. Eventually, after stress-erection, the gap is closed and yield
strain is imposed on the top chord member near the joint at (3, not at the joint of (D or (®, because of the
free boundary condition. In fact, the joints of the top chord are restrained to rotate, as shown in Fig. 2.
Therefore, the continuous bending strain is occurred in the top chord member. The tendon force
required to erect a Strarch frame is mainly dependent on the self weight of the frame. The amount of
strain imposed during installation can be determined by the gap length in the bottom member. The gap
length is pre-determined by the catenary shape of the initial Strarch frame. Fig. 5(b) illustrates the
deformed shape of the unit Strarch frame obtained using the explicit numerical method with the
Ramberg-Osgood material as shown in Fig. 4(a). The requiring control parameter for ¢ =0.4 and y=
5.0 were used for Ramberg-Osgood material model. Fig. 5(c) shows the result of using a lumped plastic
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hinge approach. When the plastic hinge occurred at the joint at , the gap closed suddenly due to the rigid
body rotation of that joint. Therefore, the lumped or concentrated deformation and the plastic hinge
occurred at the joint.

Fig. 6 illustrates the tendon force-vertical displacement curves at the joint at 3 according to the
analytical models with various material control parameters. The resulting curves of this study using the
proposed explicit filament elements are in good agreement with the results of the implicit NR method,
except in the case of a nearly perfect plastic bilinear model, £, = 0.001E. Theoretically, the results of the
nearly perfect plastic model of bilinear model with E,=0.001F are similar to those of the lumped
plastic hinge model (Lee and Han 2011Db).

In the case of using the bilinear model material model with nearly zero hardening modulus E, =
0.001F may represent the perfect plasticity. This means that the analytical value using bilinear model
with low hardening modulus are similar to that of plastic hinge model with perfect plastic material
model. Even though, the filament beam element uses the section division model for spread of plasticity,
according to the nearly perfect plastic model of bilinear model, this filament beam element can be used
for perfect plasticity. To illustrate the effects of filament beam element with various hardening modulus,
E, we verified the analytical results according the hardening modulus with bilinear model. As
decreasing the hardening modulus, eventually the load-deflection curve approach to the plastic hinge
model.

The resulting curve obtained by using the implicit NR method with E, = 0.001F, a perfect plastic
model, shows some errors compared with the other results. The stiffness-based implicit NR method
show the quadratic convergence rate when the system is at a normal, stable status. The main
shortcoming of this approach is its inability to describe the behavior of the member near its ultimate
resistance and after the onset of strain softening. When the yield strain is concentrated at the joint in the
perfect plastic model, £, = 0.001E, its structural behavior may jump to the next point. Therefore, the
tendon force-displacement curve obtained by using NR with a bilinear model of E, = 0.001E exceeds
the exact solution and is different from the results of the explicit approach.

As shown in Fig. 6, the tendon forces required to erect a unit frame are 71 kN and 73.5 kN using
plastic hinge-based beam-column elements and perfect plastic material models, respectively. These
tendon forces are approximately 80% of the value of a bilinear model with E, = 0.2E and a tendon force
of 90 kN. The difference in tendon force values can be attributed to the strain-hardening effects of the
material models. And the tendon forces calculated by the analytical models are in good agreement with
the predicted lower bound value found in Eq. (28) and experimental value. Fig. 7 presents the deformed
shape and resulting filament strain according to the applied material model. As explained before, the
resulting strains in the bilinear model with a nearly perfect plastic model are rather concentrated at the
joint. However, the strain is gradually spread out over the element length as in the case of Ramberg-
Osgood (a= 0.4 and y=5.0) and bilinear models (E, = 0.2E).

Fig. 8 illustrates the effects of scale parameter A for numerical stability and convergence speed in the
case of using Eq. (22) in DRM with kinetic damping technique for this stress-erection problem with
bilinear material model (E,=0.2E). As decreasing the scale parameter A, the convergence speed is
increasing, and the requiring iterations or time steps are reducing. However too small value of 4 =1 will
make the analysis to be unstable. A relatively small scale parameter value of A would make the analysis
faster than a larger scale parameter value is used. The scale parameter A can control the structure’s
natural period by adjusting the assumed mass. As the value of A is decreasing, the fictitious mass term is
scaled down, and the natural period and required iteration number for convergence decreases as the mass
matrix decreases. However, if the chosen A value is too small, the structure’s motion may fail to reach the
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Fig. 7 Deformed shape of the unit frame according to the material model
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Fig. 8 Convergence process according to the scale parameter 4
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stable convergence state, because a numerical criterion for stability in the explicit algorithm is violated
by high speeds or small time increments in the structure’s quasi-station motion.

Therefore, from Fig. 8, it can be said that the optimum value of A for stable convergence state is
A=2. This value is also the limit state of numerical stability in this problem. The optimum or limit
value of A is highly dependent on the characteristic (natural period) of structure with the fictitious mass
of this study. Rezaiee-Pajand and Alamatian (2010, 2011), Rezaiee-Pajand e al. (2011) and Alamatian
(2012) have proposed various improved numerical approach for DRM for viscous or kinetic damping
method. The reader may refer these papers for further information.

Fig. 9 illustrates the convergence process of various fictitious mass of this study when the Egs. (22),
(25) or (26) are used with scale parameter A= 50. Usually small value of mass will increase the
convergence speed or convergence rate than larger value. In the respect of optimum value of fictitious
mass, it can be understood that the minimum diagonal mass m;;,,,;, of Eq. (25) is the preferable mass.
However, too small value of mass may make the analysis to be unstable, as explained before in Fig. 8.
Therefore, in this study, the stress-erection process analysis was performed by using the diagonal mass
m;; 4io of Eq. (22) and smallest value of numerical stability, A =2 for optimum numerical process.

Usually, the initial curvature induced by the stress-erection process exceeds the yield strain or yield
curvature of a typical Strarch frame. In the case of this study, the yield curvature of the unit Strarch
frame is &y, = 1.575x107%. The relative ratio of curvature x,/xy, is 1.547 for the Hangar structure in
Fig. 2 with an initial curvature &, = 2.437x10™ at its final erected configuration. Consequently, the
flexible top chord member may be in a plastic state after erection.

The moment capacity of the top chord member is determined to predict the tendon force required to
erect the unit Strarch frame. When the strain hardening effect is ignored and the perfect plastic material
model is used, the ultimate bending moment m,, can be substituted with the plastic moment m,,, which is
calculated by a simple equation containing the plastic modulus Z of the section (SHS-250x250x12¢)
and the yield stress F, (323 MPa) as follows.

m, = m, =F,-Z = 3283kNm 27)

u

If self-weight of the frames are ignored, the minimum tendon force ¢, and corresponding axial force
of the top chord p,,, required to close the gap in the bottom chord can be calculated using the following

Residual
06
——A=50, diagonal mass(Eq.(22))
diagonal mass: Eq.(22) —M\=50, diagonal mass(Eq.(22)), kinetic energy peak point
A=50, min. diagonal mass (Eq.(25))
A=50, min. diagonal mass(Eq.(25)), kinetic energy peak point
——A=50, max. diagonal mass(Eq.(26))
= \=50, max. diagonal mass(Eq.(26)), kinetic energy peak point

0.4

0.2 |

max. diagonal mass: Eq.(26)

200, iteration
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Fig. 9 Convergence process according to the fictitious mass type
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simple equation, assuming a statically determinate Strarch frame during the stress-erection process.
tten = _ptop = mu/d (28)

Here, d is the distance between the top and bottom chords. From this simple equation, the tendon
force is calculated as 69.8 kN. This is the lower bound of the required tendon force range if the strain
hardening effect is ignored. The perfect plastic material model is used, and the self-weight of the frame
is not considered. This tendon force value of 69.8 kN is nearly identical to the values of 71 kN and
73.5 kN found by using plastic hinge based beam-column elements and perfect plastic material models,
respectively.

As explained before, the Strarch frame is a statically determinate structure during assembly and the
stress-erection process. The column at one end of the frame is free to slide horizontally and gap opened.
Thus, the value of the axial force of flexible top chord is identical to the tendon force ¢, when the self-
weight is ignored during the stress-erection process. Therefore, the required tendon force during stress-
erection and the resulting axial force of top chord member are below 90 kN in ideal conditions without
considering self-weight. The effect of self-weight in unit Strarch frames can be ignored because of their
geometry.

The axial force of 90 kN in the top chord member is a relatively small value when compared to the
maximum yielding axial force of p, = 4-F, = 3,430 kN and the maximum allowable design axial force
of 2450kN, both of which are determined by the design method of Strarch frames (Clarke and Hancock
1995, Ket et al. 2000). The axial force represents just 2.6% and 3.7% of these values, respectively.
Thus, in contrast to the expectations of researchers and engineers, it can be said that the top chord
member, on which excessive yield strain is imposed during the stress-erection process, has a sufficient
capacity to resist the axial load.

The experimental deformed shape and closed gap shape results are shown in Figs. 10, 11 and 12 show
the uniaxial strains at (a), (b), (c), (d), (¢) and (f) located at the top and bottom filaments of the section,
as illustrated in Fig. 5(a). They show good agreement with the experimental and numerical results for
the strain. The strains at locations (¢) and (f) near joint exceed the yield strain &, =2.437 x 10°%, but

opened gap

After stressing : closed gap After stressing : curved top chord

Fig. 10 Closed gap and deformed unit frame: experimental results
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Fig. 12 Uniaxial strain during the stress-erection process: numerical results (Ramberg-Osgood model)
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the others for each case of experiment and numerical approach. Therefore, it can be observed that the
accuracy and advantages of stress-erection are verified in this study by comparing the results with

experimental results and simple equations.

5. Buckling analysis of the unit strarch frame

An experimental study of the ultimate load capacity of stress-erected unit Strarch frames was
performed as shown in Figs. 13. and 14 illustrates the analytical model used for the numerical study of
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the ultimate load capacity. To identify the analytical and experimental model, one end of top chord is
restrained to the displacement and the other end is loaded incrementally. The initial imperfections of
curvature and yield strain are considered simultaneously by using the model of stress-erection process
analysis of Fig. 7.

As shown in Fig. 15, the ultimate load capacity of the unit Strarch frame was determined to be
4018 kN in the experimental study. The design member capacity stated as the lower bound was

load
oa(D

Fig. 14 Analytical model of ultimate load capacity of unit Strarch frame with initial imperfections of stress
erection



Ultimate load capacity of unit strarch frames using an explicit numerical method 557

Axial load(kN)
5000 r
perfect system : stress-erection effect is not considered
(without any initial imperfection)
initial curvature effect
B - e
4000 F A&

strain hardening effect

initial strain
effect

3000 | ~

perfect plastic model
: bi-linear model (Et=0.001E)
: beam-column with plastic hinge

lower bound
: design member capacity
2000
e Fxp eriment
—=a—— Beam-column, plastic hinge model
1000 f DRM, Ramberg-Osgood model(a=0.4, y=5.0)
DRM, Ramberg-Osgood model(a=0.4, y=5.0), without initial strain
e DRM, Ramberg-Osgood model(a=0.4, y=5.0), perfect system
DRM, Bi-liear model(Et=0.2E)
------- DRM, Bi-liear model(Et=0.2E), without initil strain
—+— DRM, Bi-liear model(Et=0.001E), without initil strain
0 N
0 10 20 30 40 50

Horizontal displacement(mm)

Fig. 15 Load-displacement curves for the ultimate load capacity analysis

calculated to be 2450 kN by using the design curve proposed by Clarke and Hancock (1995). As a
result, the safety factor of the unit Strarch frame was found to be 1.64 and is a reasonable result for
safety of the member design methodology of Strarch systems. The allowable axial force of the top
chord member leveled out at 60% of the ultimate load capacity.

When strain hardening and initial imperfection effects are considered in the Ramberg-Osgood
material models with = 0.4 and y= 5.0, the numerical results for the load-displacement curve show
good agreement with the experimental results, as illustrated in Fig. 15. When the initial strain is not
considered, the load-displacement curve shows more hardening, but an identical ultimate load capacity
is calculated. Furthermore, the load-displacement curve of a perfect system, in which the stress-erection
effects of the initial curvature and yield strain are not considered, shows a small increase of 2.4% in the
ultimate load capacity. As a result, the initial imperfections of curvature and yield strain did not have a
significant effect on the strength of the Strarch system, contrary to expectation.

In general, the initial imperfections decrease the strength of the structure according to the magnitude
of the imperfections. As discussed in Eq. (28) and Fig. 6, the axial force of the top chord induced by the
stress-erection process is approximately 90 kN, just 2.2% of the ultimate load capacity, because of the
statically determinate nature of Strarch frames during stress-erection with gaps and sliding supports.
These details of the system decrease the effects of initial imperfections for Strarch frame. The axial
force of 90 kN was an allowable magnitude in the top chord member. After stress-erection and
construction are completed, the Strarch frame behaves as a plane truss system with restricted rotation.
Therefore, the axial force is the main resisting strength against the external load, and a relatively small
bending strain occurs as a result.

As shown in Figs. 16 and 17, the maximum deformation and strain occurred at the midpoint of the
member at (b), not near joint , where excessive strain occurred during the stress-erection process. The
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Fig. 16 Buckling and post-buckling shape of the unit Strarch frame: Ramberg-Osgood model
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Fig. 17 Uniaxial strain during the ultimate load capacity analysis: Ramberg-Osgood model

critical point at which maximum strain occurs is different in each case. Unlike the stress-erection
process, in which a small elastic strain was introduced at this point as shown in Figs. 9, 10 and 11, the
maximum strain occurred at (b), the bottom plate of the top chord member, in both the experimental
and numerical results. In fact, the local buckling also occurred at this point in previous experimental
studies. It can be concluded that the initial strain at (b) has little effect on the axial strength of the unit
Strarch frame due to the different critical points in the elements.
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When the perfect plastic material model (bilinear, £; = 0.001£) and beam column with plastic hinge
model are used for buckling analysis without considering strain hardening and initial strain effects, the
sudden material failure occurred at point (b) with an axial load value of 3136 kN. This maximum load
is approximately 80% of the ultimate load capacity. It can be concluded that the 20% difference in value
is due to the strain hardening effect of steel.

The simulation of post-buckling analysis was performed successfully and easily using the explicit
numerical method, as shown in Fig. 16. It enabled an analysis without any difficulties caused by
numerical instability. When the implicit NR method is used, if the section is arrived at the material
failure, the instability of the tangent stiffness matrix during material failure causes the analysis to jump
and diverge, causing an unexpected result. Therefore, the progressive post-buckling deformed shape
and structural behavior shown in Fig. 16 could not be simulated properly using this method. However, a
large amount of effort is required for an analysis of subdivided filament elements and of the DRM, the
explicit numerical method. The required iteration is relatively less effective than the stiffness-based
implicit method. In spite of this disadvantage, the simplicity and applicability of this study may
overcome the disadvantages associated with the numerical algorithm.

6. Conclusions

This paper discusses numerical studies of the structural characteristics of Strarch systems. The unique
features of the stress-erection process are evaluated and the ultimate load capacity analysis is performed
considering the initial imperfection effects of the stress-erection process in unit Strarch frames. The
explicit DRM and displacement-based filament beam elements, in which the section is subdivided into
sub-areas of filaments or fibers, are used for the numerical analysis. By using this explicit algorithm,
the results of the stress-erection and ultimate load capacity of unit Strarch frames are verified by
comparison with experimental results.

Using numerical methods, the stress-erection process are analyzed according to various material
models and element formulations. The results are verified by comparison with current and past
experiments and analytical equations, with which they showed good agreement.

The initial imperfections of curvature and yield strain are introduced into the top chord member.
Ultimate load capacity, buckling and post-buckling analyses are performed according to the initial
imperfection effects, and through a comparison with the experimental results, it is shown that these
initial imperfections induced by the stress-erection process have no significant effect on the strength of
unit Strarch frames.
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