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Abstract

One of the evocative structural design solutions for tall build-
ings is recently embraced by the diagrid (diagonal grid) struc-
tural system. Diagrid, with a perimeter structural configuration
characterized by a narrow grid of diagonal members involved
both in gravity and in lateral load resistance, requires less struc-
tural steel than a conventional steel frame, provides for a more
sustainable structure and has emerged as a new design trend for
tall-shaped complex structures due to aesthetics and structural
performance. The purpose of this study is twofold. First, to as-
sess the optimal structural design of a diagrid tall-building, also
compared to a typical outrigger building, focusing on the sus-
tainability (the use of structural steel) and the structural safety
and serviceability. To this aim, different diagrid geometries are
tested and compared. Second, to provide some insight on the
residual strength of diagrid structures, also in the damaged state
(modelled by the elimination of diagonal grids). Both goals are
accomplished using FEM nonlinear analyses.
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1 Introduction

It is a common understanding that society requires enhanced
structures for the people’s needs. Besides safety and functional
requirements collectively defined in the so-called Performance-
based Design [1], today the attention focuses on the sustainabil-
ity in the broader and profound sense of the word [2].

Sustainability in the urban and built environment is a key is-
sue for the wellbeing of people and society. Sustainable devel-
opment, defined as the “development that meets the needs of
the present without compromising the ability of the future gen-
erations to meet their own needs” [3] is nowadays a first con-
cern for public authorities and the private sector. Sustainable
design leads to innovation since it demands inventive solutions,
and eventually is supported by a cultural shift, evident from na-
tional level reviews and surveys [4}/5]. Sustainability issues are
wide-ranging in the building industry but the main focus is the
reduction of energy consumption in construction and use.

In construction, steel has developed as a material of choice
and offers a wide range of solutions that can make buildings
more energy efficient, less costly to operate and more com-
fortable. Several green solutions, aiming at the minimization
of structural steel, have been developed in the last few years.
Among those, the diagrid structural system is considered as a
promising solution for high-rise steel buildings. Diagrid is a
perimeter structural configuration characterized by a narrow grid
of diagonal members that are involved both in gravity and in lat-
eral load resistance that has emerged as a new design trend re-
cently for tall-shaped complex structures due to aesthetics and
structural performance [6}/7].

Since diagrid requires less structural steel than a conventional
steel frame, it provides for a more sustainable structure.

This study focuses on the overall structural performance, the
ultimate capacity and the robustness of diagrid tall buildings,
using numerical (FE) methods. More precisely, the paper is or-
ganized in the following manner. Section 2 provides details on
diagrid for high-rise buildings. Section 3 outlines structural ro-
bustness approaches for steel buildings. Section 4 introduces the
case study steel high-rise building and the performed Finite Ele-
ment (FE) numerical analyses. Finally, Section 5 provides some
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considerations and indications for future research.

2 Diagrid structures

Diagrid came as an evolution of the Geodesic Dome invented
by Fuller in the late 40’s (although as stated in [8], the actual ori-
gins are earlier) consisting in triangular structures with diagonal
support beams. In fact, the diagrid system is not a new invention.
An early example of today’s diagrid-like structure is the 13-story
IBM Building in Pittsburg of 1963. However, the implementa-
tion in a larger scale of such tall building was not practical due
to high cost related to the difficult node connections. It is only
in recent years that technology allowed a more reasonable cost
of diagrid node connections [9]. The Hearst Tower in New York
City, is nowadays one of the most iconic and awarded “green”
diagrid buildings in the world. Completed in 2006, the 182 me-
ter high building, embraces a highly efficient diagrid frame that
uses 20% less steel than a conventionally framed structure. The
building is also significant in environmental terms: it was built
using 85% recycled steel, and it consumes 25% less energy than
an equivalent office building that complies minimally with the
respective state and city codes. It is also the first office building
in Manhattan to achieve a gold rating under the US Green Build-
ing Council’s Leadership in Energy and Environmental Design
(LEED) programme [10].

In the tall building design of diagrid and braced tube struc-
tures for example, stiffness provision is an important aspect of
the design, and a material saving design methodology can be
based on this aspect [11]. In fact, diagrid structures can be
seen as the latest mutation of tube structures, which, starting
from the frame tube configuration, have increased structural ef-
ficiency thanks to the introduction of exterior mega-diagonals in
the braced tube solution.

The perimeter configuration still holds the maximum bending
resistance and rigidity, while, with respect to the braced tube, the
mega-diagonal members are diffusely spread over the facade,
giving rise to closely spaced diagonal elements and allowing for
the complete elimination of the conventional vertical columns.

Tall buildings in general need to respect certain safety and
serviceability thresholds (e.g. the inter-story drift and accel-
eration), that are related to the damage to the partitions and
claddings and the occupant comfort (see for example [12]). Fur-
thermore, they have to be sufficiently robust, to withstand ex-
ceptional actions and abnormal situations [13]. These aspects
need to be assessed for innovative structural systems such as the
diagrid configuration.

A diagrid structure is modeled as a vertical cantilever beam
on the ground, and subdivided longitudinally into modules ac-
cording to the repetitive diagrid pattern. Each module is defined
by a single level of diagrids that extend over multiple stories.

The analysis of the diagrid structures can be carried out in a
preliminary stage by dividing the building elevation into groups
of stacking floors, with each group corresponding to a diagrid
module [6]. Being the diagrid a triangulated configuration of

structural members, the geometry of the single module plays
a major role in the internal axial force distribution, as well as
in conferring global shear and bending rigidity to the building
structure. As shown in [14], while a module angle equal to
35°ensures the maximum shear rigidity to the diagrid system,
the maximum engagement of diagonal members for bending
stiffness would correspond to an angle value of 90°, i.e. ver-
tical columns. Thus, in diagrid systems, where vertical columns
are completely eliminated and both shear and bending stiffhess
must be provided by diagonals, a balance between these two
conflicting requirements should be searched for defining the op-
timal angle of the diagrid module [7].

The optimal structural configuration of diagrid structures is
nevertheless trivial. Recent research focuses on the optimal lay-
out of diagrid structures, which is very complex and carried out
with optimization methods [[15]]-[16] and the alternative geomet-
rical configurations, obtained by changing the angle of diagonals
as well as by changing the number of diagonal along the build-
ing height [17]. The same authors [[18] propose secondary brac-
ing systems for diagrid structures, capable of improving stability
and local flexibility, at the cost of a small increase in structural
weight.

3 Steel buildings and robustness

The residual capacity in the damaged state and the structural
robustness of steel buildings has been thoroughly studied in the
last years. Even though a variety of terms have been used in
literature, robustness in structural engineering is commonly de-
fined as the “insensitivity of a structure to initial damage” and
is correlated to collapse resistance, intended as the “insensitivity
of a structure to abnormal events” [19].

A review of international research on structural robustness
and disproportionate collapse is provided in [20]. In [21] an
overview of literature on the topic of robustness, progressive col-
lapse, and disproportionate collapse is provided. In [22] design
strategies are identified for obtaining robustness, using preven-
tion and mitigation measures. The author concludes that one of
the widely used methods to assess the structural robustness of a
structure, is to consider the removal of a key element, and check
the vulnerability of the structure. The removal of key elements
in a scenario-based approach is actually a common and direct
method for checking the robustness of a structure.

In [23] focus is given on the vertical load bearing capacity
of truss structures, using a sensitivity index that accounts for
the influence of a lost element to the load bearing capacity. In
[24] nonlinear dynamic analysis are conducted on benchmark
buildings (3, 6 and 15-story) and the results are compared with
more straightforward linear static step-by-step analysis. In [25]
a framework is provided for the progressive collapse assessment
of multi-story buildings, considering as a design scenario the
sudden loss of a column. Using this framework, the same au-
thors [26], investigate possible scenarios, in the form of the re-
moval of either a peripheral or a corner column, in a typical

382 Period. Polytech. Civil Eng.

Giulia Milana, Pierluigi Olmati, Konstantinos Gkoumas, Franco Bontempi



steel-framed composite building. In [27] different column loss
scenarios on 3 and 4-story steel buildings are investigated, fo-
cusing on different aspects of the problem, among else, the load
redistribution.

In [28] focus is given on the progressive collapse of both tra-
ditional (tubular) and diagrid structures, conducting nonlinear
static and dynamic analyses, considering scenarios of column
loss (different corner columns for the tubular structure and pairs
of diagrids). More recently, in [29] the progressive collapse of
diagrid structures is assessed using nonlinear static pushdown
analyses, considering the removal of structural elements, and by
gradually increasing the vertical displacement in the location of
the removed elements.

In this study, as a preliminary step, an event based design ap-
proach is implemented, using pushover analysis (see for exam-
ple, [30]) on diagrid structures subjected to scenarios concerning
the removal of different columns or pairs of columns. As in the
case of the undamaged state, the residual strength (pushover)
analysis is carried out under horizontal loads having a triangular
distribution along the height of the building. This choice is made
with two motivations in mind [31]: i) horizontal loads can acti-
vate both horizontal and vertical load bearing structural systems
of the building and ii) direct reference is made to the unlikely
eventuality that a seismic aftershock occurs after an explosion.
This event is possible in the case that the explosion occurs after
a seismic main shock (e.g. hydrogen explosions caused by the
Japan 2011 earthquake main shock).

4 Numerical modelling

The considered structure is a 40-story building, for a to-
tal height of 160 m, and a footprint of about 36 mx 36 m. Its
function is for non-public offices (carrying anthropic loads of
2 KN/m?). The building is located in Latina (Lazio, Italy). Re-
garding local wind and earthquake loading conditions (in com-
pliance with the Italian Building Code [33]), the area where the
building is placed is characterized by a class of roughness “B”
(urban and sub-urban areas) and a class of exposition to wind
“I\VV” (with a wind reference average 10 minute speed of 27 m/s).
The seismic zone corresponds to a class 11 seismic level (PGA
0,15-0,25).

In the preliminary design, comparisons are performed to se-
lect the most efficient structural system and to reduce the ma-
terial used, between two proposed different structural design
solutions: outrigger and diagrid. Typically, a diagrid structure
is subdivided longitudinally into modules according to the re-
peated diagrid pattern. Each module is defined by a single level
of diagrid that extends over multiple stories. In the building here
presented, there are 4-story modules.

Some generic considerations are recalled. The optimal angle
of diagonals is highly dependent upon the building height. Since
the optimal angle of the columns for maximum bending rigidity
is 90 degrees and that of the diagonals for maximum shear rigid-
ity is about 35 degrees, it is expected that the optimal angle of

diagonal members for diagrid structures will fall between these
angles. Fig. [I] shows the structural systems of the considered
buildings, together with the reference outrigger structure.
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Fig. 1. Structural Configurations (a- Outrigger Structure: ZX and ZY plane
at respectivelly Y =9,5m and X =4m; b- Diagrid Structure a =42°; c- Diagrid
Structure @ = 60°; d- Diagrid Structure @ = 75°)

As can be seen, this study introduces three intermediate an-
gles: 42, 60 and 75 degrees respectively. The reference out-
rigger structure (for additional modelling details see [32]) has
a plan symmetric with respect to the X-axis, and an octagonal
footprint, approximated by a square of 35mx35m. The dis-
tance between two consecutive floors is 4 m and the structure
has been realized in order to make a diagonal bracings system
resists horizontal actions of the wind. The diagonal elements
of the system consist in St. Andrew cross-bracings. In order
to reduce the building deformations, a rigid plane is introduced,
identified as “outrigger”. This “reinforcement”, located at the
29th floor (between 112 m and 116 m), is realized by introduc-
ing braces expanded vertically for all facades in exam. These
outriggers are located on two facades at Y = {4, 31}(centered)
and on the other two facades at X = {4, 31}m

The three diagrid buildings have two structural systems work-
ing in parallel: the first is internal and it is made of a “rigid”
frame system which only reacts to gravity loads, while the sec-
ond is perimetral and it is made of a diagonal grid system which
reacts both to vertical and horizontal loads. The reader is re-
ferred to [6] for modelling details. The internal structure, as
any other ordinary frame structure, is composed by columns and
main and secondary beams, while, the external one is composed
by diagonal and horizontal elements (without columns).

All the components of the internal system are placed at a dis-
tance of 6m in plan, thus creating square footprints of 6mxém.
The internal columns transmit vertical loads to the ground, while
the perimetral ones do not; in fact their function is to link the
generic diagrid module to the floors included in it. In more de-
tails, the external columns receive the loads from the perimetral
beams and transfer these loads to the horizontal elements of the
module. The extension of the external columns is four-story
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length as the diagrid module. Passing from one module to the
consecutive one, the perimetral beams are replaced by the hori-
zontal diagrids. In this way, the two structures “communicate”
every four floors. All of the vertical elements are tapered every
four stories, since the size of each diagrid module changes. Ap-
propriate steel profiles are used for the interior structure and for
the perimeter structure.

For all structures, the floors have been modeled using shell el-
ements that reflect the real resistance and stiffness of the floors.
Foundations have not been explicitly modelled, and pinned
joints have been used in order to model connection between the
structure and the ground. Since the principal objective of this
study is to compare different structural systems, this approxima-
tion can be considered as reasonable.

The computational code SAP2000 (version 16.0.0) is used for
the analysis. The structural model takes into account the real
distribution of the masses, while the effect of non-structural ele-
ments on the global stiffness has not been considered.

In this study the weight reduction is the most important issue,
since this is considered as the most significant aspect from a sus-
tainability point of view. For all diagrid buildings an important
weight reduction occurs, therefore, in all cases the diagrid sys-
tem results better than the ordinary outrigger for what regards
sustainability.

The weight of the structures is calculated without considering
the floors; this is a simplification arising from the fact that all
the structures have the same number of floors.

Table ] presents the comparison among the structures in the
preliminary design. The percentage of reduction is calculated
compared to the weight of the outrigger structure.

Tab. 1. Weight and weight reduction

Structure Weight (ton)  Weight-reduction (%)
Outrigger 8052

Diagrid 42° 6523 19

Diagrid 60° 5931 26

Diagrid 75° 5389 33

4.1 Structural checks

It is important to verify the structural configurations for both
Serviceability Limit States (SLS) and Ultimate Limit States
(ULS). To this aim, displacements are compared with thresholds
provided in the Italian National Code, and pushover analyses are
performed.

For a first check of the serviceability limit states, the total hor-
izontal displacements are considered. The threshold SLS value
provided by the Italian Building Code [33]], is set at 1 /500 of the
total height of the building (corresponding to 0.32 m for a height
of 160 m). Additional checks are performed for the inter-story
drift, nevertheless, Fig. [2] reports the total horizontal displace-
ments both at top and those corresponding to points of control
placed every four stories (16 m or one diagrid module), at the

corresponding height since the check is more restrictive com-
pared to the inter-story drift specified in [33].

0.1 0.15 0.2 . 0.3
U1 (m)

0.35

Fig. 2. Comparison of horizontal displacements

It is straightforward that all four structures are verified by a
great margin, with the Diagrid 42°being the stiffest, the Diagrid
75°the most flexible, and the remaining two having an interme-
diate and very similar performance.

For the verification of the ultimate limit states, and in or-
der to evaluate the ductility of the structures, a non-linear static
(pushover) analysis is conducted. A lamped plasticity model has
been implemented taking into account the material non-linearity.
For simulating this non-linearity, plastic hinges are used. The
Pushover analysis is conducted on the 3D model for all struc-
tures with the same static loads and hinges, in order to have a
direct comparison of the results.

The horizontal load applied to the structure is a triangular
load, increasing with height. The concentrated forces, are ap-
plied to the geometric centers of each floor and represent the
equivalent normalized static forces.

Two different kinds of hinges are considered: axial hinges,
used for all elements of the outrigger structures and the perime-
tral system in the diagrid structures, and, bending hinges for
the internal columns in the diagrid structures. For the axial
hinges, the constitutive equation is rigid and perfectly plastic,
with a yield stress equal to fy, (430 MPa for diagrid structures
and 275 MPa for the outrigger structure) and a fracture defor-
mation (g,) of 5%. For the bending hinges, the behavior is
defined through a moment-curvature diagram with a rigid and
hardening-plastic constitutive equation.

For the bending hinges the behavior is defined through a
moment-curvature diagram with a rigid and hardening-plastic
constitutive equation. The final curvature is extrapolated using
Table 5-Table 6 of FEMA356 [34] while the other parameters
are calculated in this way:

My = fyd - We and M, = fyd -Wp| (1)

Xy = &y/(h/2) 2)

where, My is the yield moment, M, is the final moment, W
is the elastic modulus, Wy, is the plastic modulus, yy is the yield
curvature and &, the yield strain.
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The hinge length is defined as being equal to the height of the
cross section. These hinges are placed in the interior columns (in
the diagrid structures) at the top and the bottom of each story.

Figs. [3}{5] report the comparison of the capacity curves of all
structures. The horizontal displacements (X-axis) are measured
at the top of the structure (at a height of 160 m). In order to
simplify the reading of results all graphs are presented with the
same scale axis.

"Pushover" load case
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Outrigger

100000 — = Diagrid 42°

F (kN)

80000 = -+ +Diagrid 60°
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Fig. 3. Comparison of capacity curves for the “Pushover” load case

"Pushover+Dead" load case
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Fig. 4. Comparison of capacity curves for the “Pushover + Dead” load case

"Pushover+Vert" load case
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Fig. 5. Comparison of capacity curves for the “Pushover + Vert” load case

The “Pushover” load case is purely theoretical, since only the
horizontal loads are considered. In order to consider the ef-
fect of geometric non-linearity in the structural behavior, a P-
Delta non-linear static analysis is introduced. The P-Delta ef-

fect refers specifically to the non-linear geometric effect of a
large tensile or compressive, direct stress upon transverse bend-
ing and shear behavior. In order to take into account the effect of
gravity loads upon the lateral stiffness of building structures, a
non-linear case is created considering only the dead loads of the
structure (“Pushover + Dead” load case) and one that considers
all vertical loads, including dead, permanent and cladding loads,
and excluding live loads (“Pushover + Vert” load case).

The ideal “Pushover” load case (Fig. [3), provides the most
marked results. This purely theoretical load case (absence of
vertical loads), allows the model to reach a high number of steps.
The Diagrid 42°and the Outrigger structures present a clear ad-
vantage compared to the other two structures. For horizontal
displacements limited to 2 meters, the performance of the Dia-
grid 60°is also superior to the Diagrid 75°. The same trend is
repeated for the other two load cases (Figs.[4]and5), with the P-
Delta effects, although in a less marked but more realistic man-
ner. In these cases, the analyses are interrupted earlier, probably
due to non-convergence of the solution. Fig.[6] shows the plas-
tic hinge formation for the “Pushover” load case, for the Diagrid
42°, Diagrid 60°and Diagrid 75°3D models. The analyses stop
at Step 65, 67 and 72 respectively.

4.2 Comparison and choice of the best model

Based on the capacity curves of section 4.1, it is possible to
obtain three of the four values from which we can identify the
model with the best behavior. These properties are:

R Strength
K Stiffness
u Ductility

For the analyses, the same considerations made in the previ-
ous section remain valid.

One considers Fig. [7] for calculating these properties; the ca-
pacity curve in this figure is an ideal example of the realization
of these aspects that are:

Dy yield displacement
Dy maximum displacement
Fy yield force

Fmax maximum force

From these aspects, it is possible to obtain the mechanical
properties of interest in the following way:

R = Fmax (Strength) 3)
K = Fy/Dy (Stiffness) @)
1 = Dy/Dy (Ductility) (5)

Using these properties as well as the weight of the struc-
ture, the buildings are compared and the best structure is chosen
through a performance index defined in the following paragraph.
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(a) (b)

Fig. 6. Hinge formation for the “Pushover” load case (a- Diagrid Structure a = 42°; b- Diagrid Structure & = 60°; c- Diagrid Structure & = 75°)
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Fig. 7. Definition of the main aspects of the capacity curve

All these aspects are calculated just for the “Pushover + Vert”
load case, since it is the most realistic case.

In order to assess the performance of the structures, in a first
place, the following performance factors are used:

1 the stiffness-to-weight (K/P) ratio (specific strength) for the
SLS;

2 the strength-to-weight (R/P) ratio (structural efficiency) for
the ULS.

These are calculated for each structure in the following man-
ner, normalized to the aspects of the outrigger structure, that is,
the reference building:

SLS: (RP)(Ro/Po) (6)

ULS: (KP)(Ko/Po) (7

The subscript “0” identifies the aspects relative to the outrig-
ger structure. Table[2)reports the results.

Tab. 2. Comparison of models for the ‘Pushover + Vert’ case

OUTRIGGER DIAGRID 42° DIAGRID 60°  DIAGRID 75°
ULS 1 1,435 1,504 1,531
SLS 1 1,290 1,255 1,179

As can be seen from the results, the diagrid 60°structure
has an intermediate performance compared to the other diagrid
structures, while the diagrid 42°gives the best results in the SLS,
and the diagrid 75°the best in the SLS.

At this point, in order to obtain a better view of the global
behavior of each structure, an additional performance index is
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“Pushover+Vert” load case

RIR,
4

35
3

1.2(((P-Poy
Poyt1}

Fig. 8. Comparison of models for the “Pushover + Vert” case

introduced in Eq. 8, that helps to identify the structure with the
best behavior.

(R/Ro) + (K/Ko) + (u/po) +1,2(((Po — P)/Po) + 1)  (8)

Again, all terms of this index are normalized to the aspects
of the outrigger structure. These terms are multiplied with am-
plification coefficients. For the weight (P < Py), a coefficient
equal to 1.2 is considered, while for the other terms the coeffi-
cients are equal to 1. The higher coefficient is used since weight
is very important for the sustainability aspect, and the weight re-
duction is encouraged in the global assessment. The higher the
outcome, the better the behavior of the structure.

Table [3| provides the results of Eq. (8) for each structure. The
terms of the equation, multiplied for the relative coefficients, are
shown on the axes of a radar chart (Fig.[8).

As can be observed from Table [2]and Fig. [8] the overall best
configuration is provided by the “Diagrid 60°” configuration,
with diagonal members having an inclination of 60°. Thus, the
diagrid structure with an intermediate inclination results as the
best model.

In fact, this structure leads to an important reduction (al-
though not the largest) of weight while at the same time, offers
a high performance in terms of strength, stiffness and ductility.

Ultimate capacity of the optimal diagrid configuration

Different analyses are carried out on the optimal diagrid
configuration (Diagrid 60°). First, the pushover curve of the
“Pushover” load case of Fig. [3] is expanded for the specific
model. Thus, in Fig. 8 the plastic hinge formation is also
shown. Similar results are obtained for the other two pushover
load cases (“Pushover + Dead” and “Pushover + Vert”). Even
though the latter cases are more realistic, it was chosen to show
only the former for the sake of brevity, since also the capacity
curves are more marked in the absence of P-Delta effects.

—#—Qutrigger

—— Diagrid 42°
KiK,
Diagrid 60°

—®—Diagrid 75°

The perimetral frame has essentially a regular behavior, with
hinges forming on the base of the lower module (Step 25) and
propagating gradually to the upper modules. The behavior is
globally good, since the hinge formation occurs for very large
displacements. More specifically, regarding the hinge formation
at the base of the structure, some important aspects are:

e at step 25, the hinge formation initiates on the diagonals of
the lower diagrid module;

e at step 37, hinges are formed in the internal columns at the
base;

e at step 44, the hinges at the base reach the immediate occu-
pancy limit, identified by SAP2000;

e at step 51, the hinges at the base reach the ultimate capacity
limit, and consequently, the structure collapses;

e at step 67, even though hypothetical since the analyses are
based on a displacement control, hinges at formed at the 1
floor of the internal columns.

4.3 Ultimate capacity in the damaged state

Additional analyses are carried out for damaged configura-
tions of the Diagrid 60°structure. In particular, six different
damage scenarios, accounting for the elimination of one or two
adjacent diagonals along the building height, are considered.
With reference to Fig. [I0] “Di,Lj” indicate the (i-th) damage
scenario and the elimination of a number of (j) elements (e.g.
D1,L2 corresponds to the elimination of two diagonals for sce-
nario 1).

The scenarios depict the possible damage from an exceptional
event (e.g. explosion), and are modeled by introducing zero re-
sistance elements in the place of the diagonals.

In order to evaluate the capacity curves of the structure in the
damaged state, two of the load cases introduced in Section 4.1
are considered: “Pushover” and “Pushover + Vert”.
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Fig. 9. Capacity curves on the "Diagrig 60°" model for the "Pushover" load case
Tab. 3. Comparison of models for the ‘Pushover + Vert’ case
OUTRIGGER DIAGRID 42° DIAGRID 60° DIAGRID 75°
R (KN) 94775 110185 104972 97131
K (KN/m) 77143 80615 71306 60897
u 1,535 3,587 5,681 2,564
P (ton) 8052 6523 5931 5389
Performance index (Eq. (8)) 4,20 5,97 7,25 5,08
For both cases, it was necessary to deal with the problem of
interrupting at some point the capacity curves. Thus, two cases
- - . /\ /\ are identified:
\/ i. a case where the capacity curves are interrupted at the reach
AN 1z \M D3.L2 of the ultimate capacity of a single (or more, if occurring simul-
v >\/ A D3.L1 taneously) plastic hinge (this case is identified as “First Plastic
PRy /’\ /\ Hinges”)
7 \/ \ ii. a case where the capacity curves are interrupted at the
N 17 \ \//\ / reach of the ultimate capacity of the highest number of plastic
T ¥ ) \/ hinges (this case is identified as “Last Plastic Hinges”)
. /\ /\ In most cases, the hinges that reach the ultimate capacity are
. . / \/ \ those corresponding to the base of the internal columns. How-
AY 17 \ M D212 ever, in some cases, principally for the analyses with P-Delta
/\J\/ \/< A D2L1 effects, it was not possible to identify with precision the point in
» AN //\ \/\\ which the curve is interrupted, since the analyses are interrupted
due to non-convergence of the solution.
7117 \ /\ / For the case in which the damage state corresponds to the
/\J\/ X \/ \/ vertical plane, Table [] provides the steps in which the capac-
A //\ /\\ ity curves are interrupted, together with the number of internal
\/ columns for which the hinges on their base reach the ultimate
AN I A AN V4 \ .4// DLL2 resistance.
' cé éé ' A ' DI.L1 It should be noted that the total number of internal columns

Fig. 10.

Damage scenarios for the “Diagrid 60°” structure

is 25. The behavior in the “Pushover + Vert” (P + V) load case
(which account for the P-Delta effects) is of difficult interpre-
tation, since the analyses are interrupted for non-convergence
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Tab. 4. Comparison of models for the ‘Pushover + Vert’ case

First plastic hinges

Last plastic hinges

Damage Scenario Analysis - -
STEP Ban: plastic STEP Bas? plastic
hinges hinges

D1,L1 P 42 3 48 25

P+V 31 4 32 5

P +Vlin 33 4 44 15

D1,L2 P 49 25 49 25

P+V 54 12 55 23

P +Vlin 55 25 55 25

D2,L1 P 50 25 50 25
P+V 35 35

P+ Vlin 56 12 57 25

D2,L2 P 51 17 52 25
P+V 39 39

P +Vlin 54 25 54 25

D3,L1 P 51 25 51 25
P+V 40 40

P+Vlin 51 25 51 25

D3,L2 P 51 25 51 25
P+V 38 38

P+ Vlin 54 15 55 25

of the solution, rather for reaching the ultimate capacity of the
hinges. For this reason, an additional pushover analysis is con-
sidered, identified as “Pushover + Vert lin.” (P + V lin). This
load case is the same as “Pushover + Vert” (thus, considers all
vertical loads), but without accounting for the geometric non-
linearity (the P-Delta effects).

It is possible to observe that, mainly for the “Pushover” case,
the realization of the ultimate capacity of the hinges on the base
of the columns is simultaneous, thus the two cases of first and
final plastic hinges coincide.

Comparatively, and considering for the sake of brevity the
“Pushover” load case, as Fig. [IT] suggests, the capacity curve
drops significantly for the case D1,L2, while the case D1,L1
gives an intermediate response compared to the nominal config-
uration.

Nevertheless, the residual capacity is generally good, con-
sidering the importance of the elements, since the performance
drop is approximately 20% and 10% respectively. In the D2,L.1
and D2,L.2 scenarios, the capacity drop is very small (less than
2%), while in the D3,L1 and D3,L2 scenarios, the capacity drop
is negligible. Therefore, also the curves of Fig. [11] for these
cases are practically superimposed.

5 Conclusions and considerations

The inspiration for this study arises from the impact that the
construction industry has on the environment, in terms of use of
resources and production of waste, and the social need that calls
for investigating sustainable solutions, such as the considered
sustainable diagrid high-rise buildings.

Among the finding, the way in which diagrid structures lead
to a considerable reduction of (steel) material compared to more

traditional structural systems such as outrigger structures is
quantified. Furthermore, the performance of diagrid structures
has been assessed, not only in terms of structural steel reduction,
but also in terms of safety, serviceability and structural robust-
ness.

Different diagrid structures were considered, namely, three
geometric configurations with inclination of diagonal members
of 42°, 60°and 75°. These configurations, in addition to allow-
ing a considerable reduction of weight, provide a better perfor-
mance in terms of strength, stiffness and ductility.

Between the considered diagrid structures the one with the
best overall behavior results to be the one with 60°diagonal el-
ement inclination. For this configuration, additional analyses in
the damage state are performed, assessing the overall good per-
formance of the structure under exceptional events.

Nevertheless, there are some limitations to this study. Ad-
ditional loading scenarios should be accounted for, in order to
have a broader insight on the structural behavior. In addition,
the defined performance index is calibrated with specific coef-
ficient values that highlight the sustainability aspect. Finally,
robustness checks should be applied using appropriately defined
indexes. Future research could also concentrate on the mod-
elling of local buckling, using appropriate software and FEM
models.

In any case, the initial results provide a starting point, and
together with the proposed methodology, contribute obtaining a
preliminary assessment of the sustainability and structural per-
formance of tall diagrid structures.
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