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Abstract 7 
Structures susceptible to soft story mechanisms are particularly vulnerable to earthquakes because 8 
damage concentrated at a single story can lead to premature failure of the structure. The strongback, a 9 
stiff vertical spine pinned at the structure's base and running its height, has been proposed as a way to 10 
impose a more uniform pattern of floor displacements and prevent soft story mechanisms. However, 11 
changes in the impact of strongbacks on the performance of structures remain unclear when considering 12 
vertical stiffness irregularities at different positions along the height of a structure and different 13 
arrangements of energy dissipation devices in a structure. This study aims to address these gaps through 14 
an extensive parametric experimental investigation varying the location of vertical stiffness irregularities 15 
and the arrangement of dampers in a small-scale four-story elastic structure with and without a 16 
strongback. For this study, each configuration of the structure is loaded with shake table-produced seismic 17 
ground motion. The results of this study show that, regardless of which story a stiffness irregularity is 18 
located, the strongback significantly reduces the maximum story drift in the structure. Furthermore, with 19 
the strongback, the maximum story and roof drift are insensitive to damper position and distribution, 20 
whereas, without it, the damper position significantly impacts the structural performance. The 21 
strongback's ability to protect against soft story vertical irregularities, regardless of their locations, and 22 
the insensitivity of structural performance to damper arrangement when utilizing a strongback, presents 23 
promising new options for structural design, architectural design, and remediation efforts. 24 
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1. Introduction  26 
Structures susceptible to soft story mechanisms are particularly vulnerable to earthquakes as these 27 
mechanisms result in localized damage concentration and the non-ductile premature failure of the 28 
structure. Connecting a vertical elastic spine, also known as a strongback, to a primary structural system 29 
is one proposed method to prevent the formation of soft story mechanisms. Elastic spines have also been 30 
proposed to help address vertical structural irregularities in design.  31 

The strongback is a stiff and strong element or group of elements that is pinned at the base of a structure 32 
and runs the height of the structure. As a result, the strongback experiences rigid body motion when the 33 
structure has uniform drift, but provides significant resistance to any other pattern of drifts, such as those 34 
that would be present with a soft story mechanism. By preventing premature failure due to a soft story 35 
mechanism, the strongback is intended to help structures have an overall more ductile response [1], [2]. 36 

The fundamental concept behind the strongback, imposing a displacement pattern to reduce or prevent 37 
the concentration of damage, has been studied under different names as well, including the hinged wall 38 
[3], rocking steel shear wall [4], [5], spine frame [6]–[8], stiff rocking core [9], and vertical rigid truss [2], 39 
[10]. Furthermore, some basic structural elements, including continuous columns [11], have been 40 
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identified as possessing similar capabilities as the strongback, imposing a displacement pattern, if 41 
designed with sufficient stiffness and strength. 42 

The efficient design of strongbacks and other types of elastic spines is an area of current research. Design 43 
by nonlinear response history analysis is an option but is difficult to implement in practice. Simplified 44 
modal pushover analysis [12] and generalized modified modal superposition [13] are among the simpler 45 
methods that have been proposed specifically for the design of strongback systems. Both methods 46 
consider the higher mode effects and partial yield mechanisms that can complicate strongback design. 47 
With the formation of a global plastic mechanism being a primary goal of strongback systems, the theory 48 
of plastic mechanism control [14] may also be well-suited for their design. However, none of these simpler 49 
methods have been included in design standards yet.  50 

Many numerical studies have investigated the performance of systems that behave like strongbacks [1], 51 
[10], [15], [16], but experimental studies on these systems are limited. Simpson and Mahin [2] studied the 52 
weak-story behavior of a nearly full-scale two-story structure with a strongback that effectively delayed 53 
or prevented soft-story formation even after the rupture of the structure’s buckling-restrained braces. Hu 54 
et al. [7] studied a self-centering companion spine composed of two rigid spines and friction dampers to 55 
enhance structural response and mitigate damage during seismic events using an experimental structural 56 
model based on a length scale of 0.35. A collaborative study conducted by a U.S.-Japan team [17] focused 57 
on the full-scale testing of a frame-spine system with force-limiting connections added to a moment-58 
resistant frame. Due to the large scales considered and other experimental complexities, the majority of 59 
the experimental works related to strongbacks have featured a small number of tests or a single test; thus, 60 
wider-ranging experimental parametric studies on structures with strongbacks have not been performed.  61 
The stiffness of the strongback and the stiffness of the primary structure (i.e., the structure into which the 62 
strongback is incorporated) are both important and impact the behavior of the combined system. Chen 63 
et al. [15] numerically investigated the impact of strongback stiffness and strength on the behavior of a 64 
three-story special concentrically braced frame with an attached strongback. Lin et al. [18] conducted a 65 
numerical study on several stiffness configurations for the strongback, considering both the overall 66 
stiffness of the strongback and the distribution of stiffness in the strongback. This work also investigated 67 
the effectiveness of the strongback for different primary structure types: a three-story shear deformation-68 
dominated structure and a nine-story flexure deformation-dominated structure. Other work explicitly 69 
considered the impact of a strongback on a structure with a story with reduced stiffness [2], but this work 70 
did not vary the position of the soft story vertical irregularity in the structure. Consequently, investigations 71 
focusing on the effectiveness of the strongback given changes to the primary structure’s stiffness are 72 
limited.  73 

There have been many investigations on improving structural behavior and mitigating soft-story 74 
mechanisms through the use of energy dissipation devices [19], [20] and buckling restrained braces [21], 75 
[22]. The effects of including different types of energy dissipation devices in structures with strongbacks 76 
have also been considered. Qu et al. [23] investigated the effectiveness of shear-type steel dampers that 77 
were distributed throughout the height of an eleven-story steel-reinforced concrete frame with pin-78 
supported walls. Wang et al. [24] also investigated a pin-supported wall frame structure and considered 79 
hysteretic and viscoelastic dampers in this structure. Hu et al. [7] proposed the use of friction spring 80 
dampers with recentering properties that were distributed along the height of a steel structure that 81 
featured a pair of rigid spines. Palermo et al. [10] numerically investigated a structure with a strongback 82 
and several configurations of viscous dampers in the structure, including dampers at each story, at some 83 
select stories, and concentrated vertically at the base of the strongback. This work concluded that the 84 
strongback's presence allowed for the increase in seismic performance effectiveness of these different 85 
configurations of viscous dampers due to a more uniform potential for energy dissipation by dampers 86 
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located throughout the height of the structure. While some studies have investigated the impact of 87 
damper configurations in a strongback system, the effect of concentrating all of the structure’s dampers 88 
in one story and the effect of the location of that damped story, have not been widely considered or 89 
experimentally investigated. This is an important gap in knowledge as the ability to concentrate dampers 90 
at a single story can add desirable design flexibility. 91 

The objective of this work is to determine the effect of the position of stiffness irregularities in a primary 92 
structure and the arrangement of dampers in the structure on the dynamic performance and properties 93 
of a structure with a strongback. This experimental investigation was performed with a small-scale four-94 
story model structure with and without an attached strongback subjected to shake table-produced ground 95 
motion. This investigation is composed of an experimental parametric analysis that considers the location 96 
of stiffness irregularities, produced by reducing the column thickness in specific stories, and considering 97 
the arrangement of dampers in different stories of the structure. The scale and limited complexity of the 98 
model enabled this experimental parametric analysis to consider more system configurations and ground 99 
motions than other experimental studies on strongback systems. The impacts of the stiffness irregularities 100 
and damper arrangement are evaluated considering the resulting maximum story and roof drift of the 101 
structure as well as changes in the structure’s first natural frequency and first mode damping coefficient. 102 
Data from these tests were used to develop an understanding of how the dynamic behavior and response 103 
of the structure changes due to the stiffness irregularities and damper arrangement with and without the 104 
strongback. 105 

This paper is organized as follows. Section 2 describes the primary structure and strongback used in this 106 
experimental study. Section 3 presents the system configurations considered to investigate the effects of 107 
stiffness irregularities and the arrangement of dampers in the structure. Furthermore, this section 108 
describes the ground motions considered and the instrumentation used to measure the response of the 109 
structure. The results of the experimental parametric investigation are presented and discussed in Section 110 
4, where they are divided into a study investigating the effects of stiffness irregularities and a study 111 
investigating the impact of damper arrangements. In Section 5, the results of the studies are summarized, 112 
and conclusions are presented.   113 

2. Physical Model 114 
The physical model used in this work was a four-story structure (referred to as the primary structure) with 115 
a strongback attached to it. An isometric view of the physical model is shown in Figure 1. Figure 2 shows 116 
an elevation view of the physical model and is annotated with key dimensions. Details on the structure 117 
dimensions not shown in Figure 1 and Figure 2 can be found in the design drawings for this structure [25]. 118 
Tests were performed on this physical model with and without the strongback attached to the primary 119 
structure. In order to avoid damage and enable a large parametric study with this model, this structure 120 
was designed to remain elastic during testing.    121 

Each of the four floors and the base of the primary structure was a 457.2 mm x 457.2 mm x 12.7 mm 6061-122 
T6511 aluminum plate. Grade 1095 spring steel columns were located in the corners of the structure and 123 
bolted to the sides of the plate, forming a moment-resisting connection. The columns were 50.8 mm wide 124 
and had a thickness of either 1.575 mm (original thickness) or 1.067 mm (reduced thickness). The columns 125 
were oriented in the same direction such that the overall structure was flexible in one lateral direction 126 
and stiff in the orthogonal lateral direction, and the connections were such that the bending span of the 127 
columns was the clear story height. The center-to-center height of each story was 244.5 mm and the clear 128 
story height was 231.8 mm. The flexural rigidity, EI, of the spring steel columns, was determined through 129 
a three-point bending test as EI = 3.205 N-m2 and 1.049 N-m2 for the original and reduced thickness 130 
columns, respectively.    131 
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The strongback was constructed from two 76.2 mm wide and 12.7 mm thick aluminum plates. The plates 132 
were joined together by several connector pieces. The strongback was pinned at the base using a partially 133 
threaded bolt. The centerline of the strongback pin was at the same elevation as the centerline of the 134 
base plate. The strongback was attached to the primary structure at each floor with aluminum link arms 135 
with cross-sectional dimensions of 38.1 mm width and 12.7 mm thickness that were pinned at the 136 
strongback (left arm pin) and brackets (right arm pin). The brackets were rigidly connected to the floor 137 
plates. The centerline of the right arm pins was at the same elevation as the centerline of the floor plates. 138 
Due to a design error, the center-to-center spacing of the left arm pins was 241.3 mm, less than the story 139 
height of the primary structure, resulting in the arms being slightly tilted when the structure is in its 140 
undeformed position. The strongback was oriented such that it rotated about its base pin with motion in 141 
the flexible direction of the primary structure.  142 

The mass of each floor, including associated hardware (e.g., the bracket, but not the link arm), was 8.083 143 
kg. The mass of each of the original thickness columns was 0.154 kg. The mass of each of the reduced 144 
thickness columns was 0.113 kg. The mass of each link arm was 0.576 kg. The mass of the strongback, 145 
including associated hardware, was 10.156 kg. The center of gravity of the strongback was 568.3 mm 146 
above the center of the strongback pin. In cases when the strongback is not present, the strongback, link 147 
arms, and associated hardware were removed, but the brackets connected to the floor plates remained. 148 
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 149 
 150 

Figure 1: Isometric view of the physical model of the primary structure with the strongback– units are 151 
mm 152 

  153 
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 154 
Figure 2: Dimensioned elevation view of the primary structure with the strongback – units are mm, CL = 155 

centerline 156 

The dampers used in this study were shock absorbers that were repurposed from an intended use in 157 
hobby radio-controlled cars. These devices provide damping through the dynamic motion of a plunger 158 
through an oil-filled chamber. The dampers were filled with 30-weight oil, which was determined to be 159 
an appropriate viscosity based on a preliminary investigation. The properties of each of the four dampers 160 
used in this study were characterized in a separate single-degree-of-freedom test structure subjected to 161 
shaped random ground motion. Each damper was pin connected to two sets of aluminum mounts fixed 162 
to the test structure’s top and bottom plates. From these tests, the average effective viscous damping 163 
provided by a single damper was identified to be 77±23 Ns/m. The variability in the estimated effective 164 
viscous damping existed for the different dampers as well as the same damper in repeated trials.   165 

A pair of aluminum brackets were used to connect each damper between floors of the primary structure. 166 
The mass of a single damper with brackets and associated hardware was 0.733 kg. When considering a 167 
distributed arrangement of the dampers, a damper was placed in each story of the primary structure at 168 
the centerline of the floor and orientated in the flexible direction of the structure. When considering 169 
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concentrated arrangements of the dampers, all four dampers were placed in a single story, arranged 170 
symmetrically along the centerline of the floor, and orientated in the flexible direction of the 171 
structure. Figure 3 shows photos of the dampers connected in a story of the structure in the concentrated 172 
and distributed configurations. 173 

 174 
Figure 3: Dampers connected in a story of the structure. Left- Concentrated arrangement in the first 175 

story, Right- Distributed arrangement showing first story only. 176 

3. Description of Experimental Tests 177 
This section describes the structure configurations, ground motions, and data collected during the 178 
experimental tests. 179 

3.1. Structure configurations 180 
Table 1 shows the system configurations utilized for the experimental testing. To investigate the impact 181 
of stiffness irregularities on the dynamic performance of the model structure, tests were performed for 182 
configurations where reduced thickness columns were installed in lieu of the original thickness columns 183 
in a single story. There were eight such configurations, four (one for each story) times two (with and 184 
without strongback). Additionally, two configurations (with and without strongback) with all original 185 
thickness columns were tested as a control. No dampers were used in any of the tests investigating 186 
stiffness irregularities.  187 

To investigate the impact of damper arrangement, tests were performed for configurations where all four 188 
dampers were installed in a single story. There were eight such configurations, four (one for each story) 189 
times two (with and without strongback). Additionally, two configurations (with and without strongback) 190 
with the dampers distributed one per story were tested as a control. Original thickness columns were 191 
used in all stories for all tests investigating damper arrangement.  192 

  193 
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Table 1: System configurations for stiffness irregularity and damper arrangement tests 194 

Test 
Type 

Strongback 
Config. 

Config. 
Name 

 Column thickness at Each Story Number of Damper at Each Story 

1st 2nd 3rd 4th 1st 2nd 3rd 4th 

St
iff

ne
ss

 Ir
re

gu
la

rit
y 

(S
I) 

N
o 

St
ro

ng
ba

ck
 

SI1 R O O O --- --- --- --- 
SI2 O R O O --- --- --- --- 
SI3 O O R O --- --- --- --- 
SI4 O O O R --- --- --- --- 
NSI O O O O --- --- --- --- 

St
ro

ng
ba

ck
 

(S
B)

 

SI1-SB R O O O --- --- --- --- 
SI2-SB O R O O --- --- --- --- 
SI3-SB O O R O --- --- --- --- 
SI4-SB O O O R --- --- --- --- 
NSI-SB O O O O --- --- --- --- 

D
am

pe
r A

rr
an

ge
m

en
t 

N
o 

St
ro

ng
ba

ck
 

DC1 O O O O 4 --- --- --- 
DC2 O O O O --- 4 --- --- 
DC3 O O O O --- --- 4 --- 
DC4 O O O O --- --- --- 4 
DDA O O O O 1 1 1 1 

St
ro

ng
ba

ck
 

(S
B)

 

DC1-SB O O O O 4 --- --- --- 
DC2-SB O O O O --- 4 --- --- 
DC3-SB O O O O --- --- 4 --- 
DC4-SB O O O O --- --- --- 4 
DDA-SB O O O O 1 1 1 1 
O: Original column thickness    R: Reduced column thickness 

 195 

As seen in Table 1, SI1, SI2, SI3, and SI4 refer to configurations without the strongback and with the 196 
stiffness irregularity in the first, second, third, and fourth stories, respectively. NSI refers to the 197 
configuration with no stiffness irregularity in the primary structure and without the strongback.  DC1, DC2, 198 
DC3, and DC4 indicate configurations without the strongback and dampers concentrated in the first, 199 
second, third, and fourth stories, respectively. DDA refers to the distributed damper configuration where 200 
all stories have one damper and without the strongback. The same configurations, but with the 201 
strongback, are denoted with “-SB” appended to the configuration name.  202 

3.2. Ground motions 203 
A 6 degree-of-freedom shake table at the University of Tennessee was used to provide ground motions 204 
for this testing. This table is 1.2 m x 1.2 m and was designed and built by Shore Western Manufacturing. 205 

To avoid biasing the results of this study towards a single earthquake record, six seismic ground motions 206 
were used to assess the differences in the seismic response of the structural configurations shown in Table 207 
1, specifically story and roof drift. The six records chosen were recorded from historic events and were 208 
obtained from the Pacific Earthquake Engineering Research Center (PEER) ground motion database [26], 209 
and some have been widely used for shake table testing [27], [17], [28]–[33]. In all cases, only component 210 
A, as denoted in the PEER database, of the recorded ground motions was used. These ground motions 211 
were applied as unidirectional horizontal motions by the shake table in the flexible direction of the 212 
structure. The records were scaled down separately to an amplitude that resulted in significant motion of 213 
the physical model without damaging it. While the shake table is unable to perfectly replicate each of the 214 
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ground motions, an iterative process was used before testing the structure to produce shake table 215 
commands that largely reproduce the desired ground motions. The properties of the six recorded historic 216 
seismic ground motions are provided in Table 2.  217 

Table 2: Identifying information and properties of ground motions used for shake table tests 218 

No. Earthquake 
name 

Station Year Mag. Unscaled 
PGA max (g) 

Scaled % used 
for the test 

1 Northridge Beverly Hills-Mulhol 1994 6.7 0.52 15 
2 Kobe, Japan Shin-Osaka 1995 6.9 0.24 20 
3 Imperial Valley El Centro Array #11 1979 6.5 0.38 30 
4 Manjil, Iran Abbar 1990 7.4 0.51 30 
5 Chi-Chi, Taiwan CHY101 1999 7.6 0.44 20 
6 Landers Coolwater 1992 7.3 0.42 20 

In addition to the recorded seismic ground motions, a shaped white noise loading was employed to 219 
examine the dynamic properties of the model structure, especially its first natural frequency and first 220 
mode damping ratio. This type of load was chosen for evaluating the structure’s dynamic properties as 221 
the longer duration and broadband nature of this loading allowed for estimating the system’s frequency 222 
response functions with more clarity and definition. The white noise loading was generated from a 300-223 
second random acceleration that was subjected to a lowpass filter with a cutoff frequency of 200 Hz. This 224 
load was also applied as ground motion by the shake table in the flexible direction of the structure. The 225 
white noise was scaled such that the maximum response of the structure when subjected to the white 226 
noise was comparable to that for the recorded ground motions.  227 

Each of the seven ground motion records (six seismic records and one shaped white noise) was applied to 228 
each of the 20 structure configurations (Table 1). As a result, 140 shake table tests were performed for 229 
this study. 230 

3.3. Instrumentation and data acquisition 231 
PCB model 352C33SN accelerometers connected to a data acquisition system with a sampling rate of 232 
10,240 Hz were used to capture the acceleration of the ground (shake table) and the acceleration of each 233 
floor of the structure. The accelerometers were mounted to the middle of the side of each floor plate and 234 
the base plate. These accelerometers measured the acceleration in the structure’s flexible direction, 235 
which was the primary direction of motion. Additionally, two accelerometers were mounted on top of the 236 
strongback and orientated to measure along both horizontal directions. These acceleration 237 
measurements were primarily used to estimate the structures’ natural frequency and damping. 238 

The displacement response of each floor plate, the base plate, and the strongback were captured using 239 
an NDI Optotrak, an optical measurement system that tracks emitted infrared light from markers placed 240 
on these components. This system used a sampling rate of 50 Hz. The absolute position of each marker 241 
was measured in three dimensions with a separate data acquisition system and synchronized with the 242 
acceleration measurements in post-processing. The motion of the structure in its flexible direction was 243 
extracted from the three-dimensional marker position data. These displacement measurements were 244 
used to calculate the resulting story and roof drifts.  245 

The arrangement of the accelerometers and infrared markers on the structure is shown in Figure 4. 246 

The system response to the white noise was used to estimate the structure’s first-mode natural frequency 247 
and damping ratio for each system configuration. Numerical frequency response functions were 248 
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estimated between the roof absolute acceleration and the base absolute acceleration using the tfestimate 249 
function in MATLAB [34]. Curve fitting was then used to match a single degree-of-freedom analytical 250 
dynamic model to the numerical frequency response functions produced from the experimental data 251 
using the system identification toolbox in MATLAB [35]. This curve fit only considered the frequency 252 
response function values within ±0.5 Hz of an initial estimate of the first mode frequency. Finalized system 253 
first mode damping and natural frequency estimates were then extracted from the natural frequency and 254 
damping ratio of the fit analytical single-degree-of-freedom model. 255 

 256 

Figure 4: Primary structure with the strongback on the shake table with annotations highlighting the 257 
instrumentation 258 

4. Results and Discussion 259 
The experimental results and discussion thereof are divided into two parts. The first part presents and 260 
discusses results from the stiffness irregularity study and the second part presents and discusses results 261 
from the damper arrangement study. 262 



11 
 

4.1. Stiffness irregularity 263 
The first natural frequency for each of the ten system configurations in the stiffness irregularity study 264 
(Table 1), as determined from the acceleration data from the shaped white noise tests, is shown in Figure 265 
5. This data shows that reducing the stiffness of a story decreases the natural frequency regardless of the 266 
presence of a strongback. However, with a strongback the decrease is less pronounced. For both with and 267 
without a strongback, the decrease in natural frequency is, in general, more pronounced as reduced 268 
thickness columns are positioned in progressively lower stories of the structure.  269 

With all original thickness columns (i.e., configurations NSI and NSI-SB), the estimated first mode 270 
frequency of the structure with the strongback is lower than without the strongback. This result is due to 271 
the additional mass provided to the system by the strongback and not the presence of a decrease in 272 
stiffness resulting from the strongback. Shifts in the first mode frequency due to stiffness irregularities are 273 
shown in Figure 5 with and without the strongback. These results show much greater consistency in the 274 
first mode frequency results for the configurations with the strongback. Specifically, the difference 275 
between the highest and lowest first natural frequency is shown to be 0.77 Hz without a strongback and 276 
0.30 Hz when the strongback is utilized. These results suggest that the strongback can limit the impact of 277 
stiffness irregularities on the dynamic properties of the system, which may lead to more stable and 278 
predictable performance under different loading conditions.  279 

280 
Figure 5: Estimated first mode frequency of the structure with and without the strongback given the 281 

structural configurations used for the stiffness irregularity study 282 

Figure 6 shows the response of all the structure configurations in the stiffness irregularity study to the 283 
seven different ground motions. For each data point in Figure 6, the maximum story drift is calculated 284 
over the duration of the test and over all the stories. As seen from this figure, there is a wide range of 285 
results from the different configurations of the structure to the ground motions. As expected due to the 286 
varying nature and frequency content of the ground motions, no one configuration yields the maximum 287 
or minimum story drifts for all of the ground motions. Figure 6 does show that, in general, the presence 288 
of a strongback results in a significant reduction in the maximum story drift. While some of this reduction 289 
in maximum story drift is related to the stiffness effects of the strongback, much of this reduction can be 290 
attributed to the increased effective damping in the structure as a result of friction in the pinned joints of 291 
the strongback. While increased damping is present with the strongback in this experimental model, the 292 
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strongback itself would not significantly increase damping in a realistic structure as it would not be 293 
designed to be an energy dissipating element.  294 

 295 

Figure 6: Maximum story drift from tests in the stiffness irregularity study.  296 

To compensate for the damping differences in the structure with and without the strongback, the 297 
maximum story drifts for all configurations and ground motions were normalized and plotted in Figure 7. 298 
For each ground motion, the maximum story drift was normalized by dividing by the maximum story drift 299 
from configuration NSI (for configurations without the strongback) or NSI-SB (for configurations with the 300 
strongback). The use of this normalization enables identification of the impact of the stiffness irregularity 301 
on the maximum story drift, controlling for differences in mass and damping. The results in Figure 7 show 302 
that with and without the strongback, the maximum story drift, in general, increases with the presence of 303 
a stiffness irregularity and that the increase in maximum story drift grows as the stiffness irregularity is 304 
positioned lower in the structure. Furthermore, in general, the normalized maximum story drift is higher 305 
for the structure without the strongback: the peak normalized maximum drift without the strongback is 306 
6.27 and the peak with the strongback is 2.57.  307 

There are a number of counter-examples to the general trends discussed in the previous paragraph. This 308 
is not unexpected due to the complex interaction between the dynamics of the structure and the ground 309 
motions, which both vary in frequency content. Given this variability, rather than comparing individual 310 
test results, the average and standard deviation of the results can be considered. The average normalized 311 
maximum story drift with a stiffness irregularity is 2.25 for configurations without a strongback and 1.37 312 
for configurations with a strongback. The standard deviation for configurations with a stiffness irregularity 313 
is 1.22 for configurations without a strongback and 0.52 for configurations with a strongback. These 314 
results show that, while the strongback is not guaranteed to have a beneficial effect; on average, it greatly 315 
reduces normalized maximum story drifts resulting from the presence of the stiffness irregularities 316 
considered.  317 
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 318 

Figure 7: Normalized maximum story drift from tests in the stiffness irregularity study. Normalization of 319 
results from each record are performed with respect to the NSI configuration story drift results for 320 
systems without the strongback and with respect to the NSI-SB configuration story drift results for 321 

systems with the strongback   322 

The maximum roof drifts for all configurations and ground motions were normalized in the same manner 323 
as for Figure 7 and are plotted in Figure 8. The peak normalized maximum roof drift without the 324 
strongback is 3.25, which is much lower than the peak normalized maximum story drift without the 325 
strongback which was 6.27, and the peak normalized maximum roof drift with the strongback is 2.57, 326 
which, when rounded, is the same as the peak maximum story drift value with the strongback. 327 
Furthermore, the average normalized maximum roof drift for configurations with a stiffness irregularity 328 
was found to be 1.38 for configurations without a strongback and 1.33 for configurations with a 329 
strongback. The standard deviation of the normalized maximum roof drift for configurations with a 330 
stiffness irregularity was found to be 0.68 for configurations without a strongback and 0.53 for 331 
configurations with a strongback. The consistency of the resulting normalized maximum story drift and 332 
maximum roof drift with the strongback indicates that the strongback imposes nearly uniform story drifts 333 
despite stiffness irregularities. In contrast, the large difference in normalized maximum story and roof 334 
drift values without the strongback is indicative of deformation concentrations.  335 
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  336 

Figure 8: Normalized maximum roof drift from tests in the stiffness irregularity study. Normalization of 337 
results from each record are performed with respect to the NSI configuration roof drift results for 338 
systems without the strongback and with respect to the NSI-SB configuration roof drift results for 339 

systems with the strongback  340 

Figure 9 shows the maximum drift for each story over the length of the excitation for all configurations in 341 
the stiffness irregularity study, with and without the strongback, and for all seismic records. This figure 342 
shows that, without the strongback, the maximum story drift is observed at the story with the stiffness 343 
irregularity. However, when a strongback is utilized, the drift is largely uniformly distributed across all 344 
stories for all seismic records. Even in the case where there is no stiffness irregularity, the presence of the 345 
strongback yields significantly more uniform story drift distribution. The results indicate that regardless 346 
of the position of the stiffness irregularity, the strongback effectively achieves uniform distribution of drift 347 
along the height of the structure. 348 
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 349 

Figure 9: Story drifts with and without strongback for all configurations in the stiffness irregularity study 350 
and for all seismic records 351 

4.2. Damper arrangement 352 
The first natural frequency for each of the ten system configurations in the damper arrangement study 353 
(Table 1), as determined from the acceleration data from the shaped white noise tests, are shown in Figure 354 
10. Comparing the frequencies of configurations DDA and DDA-SB in Figure 10 and configurations of NSI 355 
and NSI-SB in Figure 5, it is seen that the addition of the dampers leads to a small change in the first-mode 356 
frequency. While the addition of viscous damping does not typically change the natural frequency of 357 
structures, the dampers used in this work did not add solely pure viscous damping; rather, the dampers 358 
and their mounts have an associated mass and physical dampers have a complicated restoring force that 359 
includes stiffness effects. The results in Figure 10 shows that the first mode natural frequency increases 360 
as the location of the concentrated dampers moves down the height of the structure; however, these 361 
changes in first mode frequency are small compared to the changes observed in Figure 5 for the different 362 
locations of reduced thickness columns. Additionally, the results in Figure 10 show that the first natural 363 
frequency is lower for configurations with the strongback, which is expected due to the additional mass 364 
of the strongback.  365 
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 366 

Figure 10: Estimated first mode frequency of the structure with and without the strongback given the 367 
structural configurations used for the damper arrangement study 368 

The estimated damping associated with each configuration’s first natural frequency was produced using 369 
the results with the white noise loading and are shown in Figure 11. This figure shows that with the 370 
strongback there is much higher first mode damping, which is the expected result for this model due to 371 
added frictional effects from the pins of the strongback at the base and its connections to each floor. 372 
Figure 11 also shows that the estimated damping for the configurations without the strongback change 373 
significantly with some of the concentrated damper configurations having higher estimated damping than 374 
the distributed configuration and some having lower estimated damping. In contrast, the estimated 375 
damping with the strongback is more consistent when comparing the estimated values from the 376 
concentrated and distributed damper configurations. 377 
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 379 

Figure 11: Estimated damping ratio of the structure with and without the strongback given the structural 380 
configurations used for the damper arrangement study 381 

Figure 12 shows the maximum story drift calculated from the response of all the structure configurations 382 
in the damper arrangement study to the seven different ground motions considered. To compensate for 383 
the damping differences in the structure with and without the strongback, the maximum story drifts for 384 
all configurations and ground motions were normalized and plotted in Figure 13. For each ground motion, 385 
the maximum story drift was normalized by dividing by the maximum story drift from configuration DDA 386 
(for configurations without the strongback) or DDA-SB (for configurations with the strongback). The use 387 
of this normalization enables identification of the impact of the damper arrangement on the maximum 388 
story drift, controlling for differences in mass and damping. 389 

The results in Figure 13 show that the largest and smallest normalized maximum drift without the 390 
strongback are 1.56 and 0.54 and the largest and smallest normalized maximum drift with the strongback 391 
are 1.22 and 0.88. The average normalized maximum story drift with concentrated dampers was found to 392 
be 1.06 for configurations without a strongback and about 1.00 for configurations with a strongback. 393 
Additionally, the standard deviation with concentrated dampers was found to be 0.26 for configurations 394 
without a strongback and 0.08 for configurations with a strongback. These results show that the 395 
placement and concentration of dampers has a large impact on the response of the system without the 396 
strongback; furthermore, with the dampers considered in this investigation, this included times where the 397 
impact is beneficial and other times where the impact is detrimental. In contrast these results also show 398 
that the placement and concentration of dampers has little effect on the system with a strongback.    399 
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 400 

Figure 12: Maximum story drift from tests in the damper arrangement study.  401 

 402 

Figure 13: Normalized maximum story drift from tests in the damper arrangement study. Normalization 403 
of results from each record are performed with respect to the DDA configuration story drift results for 404 

systems without the strongback and with respect to the DDA-SB configuration story drift results for 405 
systems with the strongback   406 

The normalized maximum roof drifts for all configurations and ground motions were calculated and are 407 
plotted in Figure 14. For each ground motion, the maximum roof drift was normalized with respect to the 408 
distributed dampers and no strongback configuration (DDA) for systems without a strongback and with 409 
respect to the distributed dampers with a strongback configuration (DDA-SB) for systems with a 410 
strongback. From the results in Figure 14, the average normalized maximum roof drift with concentrated 411 
dampers was found to be 1.04 for configurations without a strongback and 1.01 for configurations with a 412 
strongback. The standard deviation of the normalized maximum roof drift with concentrated dampers 413 
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was found to be 0.26 for configurations without a strongback and 0.06 for configurations with a 414 
strongback. The consistency of the resulting normalized maximum story drift with the maximum roof drift 415 
both with the strongback and without the strongback indicates that this concentration of dampers does 416 
not lead to a large increase in concentration of localized story drift, which was seen considering stiffness 417 
irregularities. 418 

 419 

Figure 14: Normalized maximum roof drift from tests in the damper arrangement study. Normalization 420 
of results from each record are performed with respect to the DDA configuration roof drift results for 421 

systems without the strongback and with respect to the DDA-SB configuration roof drift results for 422 
systems with the strongback   423 

Figure 15 shows the story drifts for all configurations in the damper arrangement study, with and without 424 
the strongback, and for all seismic records. This figure shows that, without the strongback, there are 425 
differences in the patterns and amplitudes of maximum story drift observed for the different damper 426 
arrangements, but, in general, story drifts are more concentrated in the lower stories of the structure. 427 
However, when a strongback is utilized, the drift is largely uniformly distributed across all stories for all 428 
seismic records and damper arrangements and the damper arrangement has a smaller impact on the 429 
amplitudes of the story drift.  430 
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 432 

Figure 15: Story drifts of structure with and without strongback for all damper arrangement 433 
configurations and for all seismic records 434 

5. Conclusions 435 

The main focus of this work was to explore the impacts of damper arrangement and the location of soft 436 
story vertical stiffness irregularities on the dynamic behavior and properties of a structure with a 437 
strongback. The investigation was carried out through experiments conducted on a small-scale four-story 438 
structure that was subjected to ground motion generated by a shake table. This small-scale structure was 439 
tested with and without an attached strongback. The location of stiffness irregularities resulting from a 440 
reduction in column thickness at specific stories and the distribution of dampers at various stories of the 441 
structure were separately varied in the experiments. Maximum story and roof drift of the structure and 442 
the changes in its first natural frequency and damping were evaluated. As expected, due to the complex 443 
interaction of varying structural dynamics and ground motion dynamics, large variability in the results 444 
were observed considering the different ground motions.  However, based on the results of this work, the 445 
following conclusions can be made: 446 

 Without the strongback, the first mode frequency of the structure changed significantly 447 
depending on the location of the stiffness irregularity at different stories in the structure. In 448 
contrast, the inclusion of the strongback, a stiff elastic spine, resulted only in small changes in first 449 
mode frequency when evaluating the structure with stiffness irregularities at different stories. 450 

 Without the strongback, the maximum story drifts were measured to be much higher on average 451 
than compared to with the strongback, even when controlling for the additional mass and 452 
damping of the strongback in the model. 453 
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 In both the stiffness irregularity study and the damper arrangement study, it was observed that 454 
the use of the strongback resulted in a largely uniform distribution of story drift along the height 455 
of the structure regardless of the stiffness irregularity or damper arrangement considered. 456 

 The inclusion of the strongback resulted in consistency in the estimated first mode damping and 457 
maximum story drift when evaluating the structure with different damper arrangements.  458 

The strongback's ability to protect against soft story vertical stiffness irregularities, regardless of their 459 
location, presents promising new options for structural design, architectural design, and the remediation 460 
of existing structures. Furthermore, the results of this work suggest that, with the strongback, energy 461 
dissipation devices can achieve similar levels of effectiveness if they are distributed throughout a structure 462 
or concentrated at one level or perhaps concentrated in a single large device. A topic of investigation that 463 
logically follows on the results of this study is the behavior of strongbacks combined with innovative 464 
energy dissipation devices that are well-suited to being concentrated. Also, the development of design 465 
methods for strongback systems that consider various distributions of energy dissipation devices and 466 
intentional stiffness irregularities is still needed. 467 
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