
The computational model developed by 
the MIT team utilizes the sensors em-
bedded in the Cecil and Ida Green 
Building, as it is known. These sen-
sors are sensitive enough to pick up 
small, ambient vibrations, such as 
those caused by trucks rumbling 
by on nearby streets or by wind 
buffeting the building. The sen-
sors measure the building’s motion 
over time.

The nascent self-monitoring sys-
tem has two components. The fi rst 
comprises the data gathered by the sen-
sors, which act as an embedded “nervous sys-
tem” for the building, according to Sun. The 
second is a computer model that continuous-
ly analyzes those data to characterize struc-
tural properties and pinpoint any changes in 
how shear waves from ambient vibration move 
through the building. “Data analytics process 
the records and extract structural features to de-
tect disturbance and damage at an early stage,” 
Sun explained. 

Following a characterization approach based 

on what is called seismic interferometry, 
the computer model mines key features of 
the ambient vibration data. “Seismic in-

terferometry is a data-driven approach 
which processes the acceleration data 
recorded by the instrumented sen-
sor network,” Sun noted. “This ap-
proach can estimate the dynamic 

characteristics of a building, such 
as the shear waves, the wave ve-
locity, and the mode shapes, as 
well as the damping parameters 

depending on both the intrinsic at-
tenuation of the building and the soil-struc-

ture coupling,” he noted. “We also combined 
seismic interferometry with [a type of statistical 
inference known as] Bayesian inference to quan-
tify the stiffness parameter uncertainties of a fi -
nite-element model, which can then be used for 
reliability assessment.”

As sensor data are gathered and analyzed 
over time, the deterioration of a building can 
be tracked using the initial recordings as the 
baseline with which future measurements are 
compared. “For example, reduction in wave 

The sensors act as an 
embedded “nervous sys-
tem” for the building. The 
current research draws 

from this rich data source 
to create a picture of 

the building’s structural 
health by tracking how 

ambient vibrations move 
throughout the building.

Technique to Monitor 
Building ‘Health’ Utilizes 
Ambient Vibrations

IN THE 1960s a 21-story reinforced-concrete research 
building designed by the famed architect I.M. Pei was 
built on the campus of the Massachusetts Institute of 
Technology (MIT), in Cambridge. Five decades later, re-

searchers at the university working in conjunction with the U.S. 
Geological Survey outfi tted this building, the tallest structure 
in Cambridge, with 36 accelerometers to record vibrations and 
movements on certain fl oors from top to bottom. Now research-
ers at the university have developed a method of processing and 
analyzing the vast amount of data collected by those sensors to 
create a computational model for monitoring structural health 
that promises to have far-reaching implications.

“Buildings deteriorate over time due to effects of mate-

rial aging and hazards, such as earthquakes,” said Hao Sun, 
Ph.D., a postdoctoral associate in MIT’s civil and environmen-
tal engineering department, who wrote in response to ques-
tions posed by Civil Engineering. “To address the deterioration 
issues, a sensing and monitoring system can make a building 
intelligent to ‘feel’ its own health condition,” Sun explained.

Monitoring structural health has been an important area 
of research for decades, but it has faced challenges because in 
many cases numerous expensive sensors are required to col-
lect vibration data. What is more, complex computer mod-
eling and analysis systems are necessary to process the data, 
according to Oral Buyukozturk, Ph.D., a professor of civil 
and environmental engineering and the director of MIT’s 
Laboratory for Infrastructure Science and Sustainability, who 
supervised the research conducted by Sun. M
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Constructed in the 1960s, the Massachusetts Institute of Technolo-
gy’s Cecil and Ida Green Building is a 21-story structure of reinforced 
concrete. Almost a decade ago the building was outfi tted with 36 sen-
sors to record vibrations and movements on selected fl oors from top 

to bottom. Now those sensors’ functionality is being expanded.

Road Equipped 
With Solar Panels 
Opens to Traffi c 
In Normandy

A 1 KM STRETCH of roadway paved with 
solar panels has opened in a village 

in Normandy (Normandie), France, and 
it may be the fi rst such roadway in the 
world to be subjected to a wide range 
of traffi c. One lane of the stretch of RD5 
in Tourouvre-au-Perche has been inlaid 
with 2,880 Wattway solar panels—pro-
duced by Colas, of Boulogne-Billancourt, 
a suburb of Paris—at a cost of €5 million 
(U.S.$5.27 million). The 2,800 m² sec-
tion of road will be tested for two years by the 
roughly 2,000 vehicles that traverse it each 
day. In a press release issued in December, 
Colas stated that the roadway was expect-
ed to generate 280 MWh per year, although 
the daily production rate will fl uctuate with 
the weather and seasons. The estimated out-
put will average 767 kWh per day, but peaks 
could reach 1,500 kWh per day in the summer, 
the release stated. An information panel in-
stalled near the road will indicate the present 
output, as well as the total production since 

the installation went onstream, in December. 
The electricity will be sent to Enedis, the pub-
lic electricity distribution utility that serves 
95 percent of continental France. The pan-
els are coated with resins and polymers that 
are suffi ciently translucent to admit sunlight 
but tough enough to resist even truck traf-
fi c, according to Colas. Similar panels were 
tested in several parking lots across France, 
including one at the sports and cultural com-
plex Vendéspace, where they were used to 
charge electric vehicles. The fi rst test site in 

the United States was inaugurated in Decem-
ber at the Georgia Visitor Information Center 
in West Point, Georgia. The center is located 
on a portion of Interstate 85 known as the Ray, 
which is being used to test a number of envi-
ronmentally responsible roadway technolo-
gies. The average output there is expected to 
be 7,000 kWh per year. Colas intends to test 
its panels, which were developed in conjunc-
tion with the Institut national de l’energie 
solaire (National Solar Energy Institute), at 
more than 100 sites beginning this year.
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in Cambridge, with 36 accelerometers to record vibrations and 
movements on certain fl oors from top to bottom. Now research-
ers at the university have developed a method of processing and 
analyzing the vast amount of data collected by those sensors to 
create a computational model for monitoring structural health 
that promises to have far-reaching implications.

“Buildings deteriorate over time due to effects of mate-

rial aging and hazards, such as earthquakes,” said Hao Sun, 
Ph.D., a postdoctoral associate in MIT’s civil and environmen-
tal engineering department, who wrote in response to ques-
tions posed by Civil Engineering. “To address the deterioration 
issues, a sensing and monitoring system can make a building 
intelligent to ‘feel’ its own health condition,” Sun explained.

Monitoring structural health has been an important area 
of research for decades, but it has faced challenges because in 
many cases numerous expensive sensors are required to col-
lect vibration data. What is more, complex computer mod-
eling and analysis systems are necessary to process the data, 
according to Oral Buyukozturk, Ph.D., a professor of civil 
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duced by Colas, of Boulogne-Billancourt, 
a suburb of Paris—at a cost of €5 million 
(U.S.$5.27 million). The 2,800 m² sec-
tion of road will be tested for two years by the 
roughly 2,000 vehicles that traverse it each 
day. In a press release issued in December, 
Colas stated that the roadway was expect-
ed to generate 280 MWh per year, although 
the daily production rate will fl uctuate with 
the weather and seasons. The estimated out-
put will average 767 kWh per day, but peaks 
could reach 1,500 kWh per day in the summer, 
the release stated. An information panel in-
stalled near the road will indicate the present 
output, as well as the total production since 

the installation went onstream, in December. 
The electricity will be sent to Enedis, the pub-
lic electricity distribution utility that serves 
95 percent of continental France. The pan-
els are coated with resins and polymers that 
are suffi ciently translucent to admit sunlight 
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velocity and stiffness parameters is a great indication of 
damage [to] the building,” Sun noted. 

“The structure deteriorates as a function of time 
due to environmental impacts and due to mechani-
cal effects—vibrations and so forth,” Buyukozturk 
adds. “The idea is to develop a database and be able 
to analyze the database through some meaningful al-
gorithms as a basis for continuous monitoring [of a 
structure] and for alerting us to situations where the 
building may lose its safety and may need repair or 
retrofi tting.” These algorithms are now the focus of 
the team’s activity. “We do have the capability, but 
the capability itself needs to be calibrated with accu-
mulated experiences as a function of time to have a 
more accurate prediction,” Buyukozturk says. 

Once the team has fi nished validating its comput-
er model for the Cecil and Ida Green Building, it will 
conduct a series of fi eld experiments on other types of 
structures. “The long-term goal is to develop a pro-
totype technology ready to be used in citywide op-
erational structures for temporal long-term monitor-
ing,” Sun noted. “Such a system is able to help reduce 
the total repair cost and improve the structural service 
life [of buildings and structures].” 

“This really represents a very powerful method to 
develop what we call the intrinsic response functions of 
a building to ambient conditions that happen contin-
uously,” Buyukozturk explains. “We don’t have to vi-
brate the building by any mechanical means. We don’t 
have to bang on it or anything like that. The vibration 
continues with wind and other environmental effects.

“We can set up a system that actually continues 
to watch our physical system without us having to 
watch anything,” Buyukozturk continues. “All you 
have to do is check your computer once in a while to 
see if there is any change in the physical system. And 
that is the huge step forward.” 

As part of their modeling, the team is also working 
to develop algorithms that can predict wave propaga-
tion through a structure using a minimal number of 
sensors. This will serve to make the system for moni-
toring structural health more cost effective for users, 
according to Buyukozturk.

The research was funded by Shell Global in coop-
eration with Dirk Smit, Ph.D. The results of the re-
search were announced last fall in the paper “Bayes-
ian Characterization of Buildings Using Seismic 
Interferometry on Ambient Vibrations,” published 
online in the interdisciplinary journal Mechanical 
Systems and Signal Processing. The paper will appear 
in the print journal this month. Sun is the principal 
author of the study, and Buyukozturk is a coauthor. 
The other coauthors, all in MIT’s earth, atmospher-
ic, and planetary sciences department, are Aurélien 
Mordret, Ph.D., a postdoctoral associate, Germán 
Prieto, Ph.D., a visiting assistant professor, and M. 
Nafi  Toksöz, Ph.D., a professor emeritus. 

—CATHERINE A. CARDNO, PH.D. M
IT

 

Three-Dimensional Form of Graphene 
Offers Extraordinary Strength

WHEN FLAKES of graphene, a two-dimensional form of carbon, are com-
pressed and fused together, they can form a three-dimensional sponge or 

coral-like confi guration that can offer 10 times the strength of mild steel with 
just 5 percent of such steel’s density. The discovery was announced last month 
by a team of researchers at the Massachusetts Institute of Technology (MIT) in 
the paper “The Mechanics and Design of a Lightweight Three-Dimensional Gra-
phene Assembly,” which appeared in the journal Science Advances. Though gra-
phene is regarded as the world’s strongest material, researchers have had dif-
fi culty translating the strength offered by its two-dimensional form—fl at sheets 
just one atom thick—into three-dimensional materials, according to an MIT 
press release. Using a combination of heat and pressure, the team of research-
ers compressed small fl akes of graphene into a 3-D structure that resembles 
coral. Such shapes have an enormous surface area in relation to their volume 
and are remarkably strong, according to the press release. The behavior of 
the graphene is similar to that of a sheet of paper. Though paper can be easily 
crumpled, under certain circumstances, for example, when rolled into a tube, it 
proves much stronger and is able to support substantial weight. Models of the 
coral-like graphene confi gurations at thousands of times their actual sizes were 
printed for testing purposes using a high-resolution, multimaterial 3-D printer. 
The models were tested mechanically to determine their tensile and compres-
sive properties, and a mathematical framework was developed to assess the 
graphene’s behavior down to the level of individual atoms. This framework very 
closely matched experimental observations. Because the breakthrough is based 
on the 3-D confi guration, “you could either use the real graphene material or 
use the geometry we discovered with other materials, like polymers or metals,” 
said Markus Buehler, Ph.D., M.ASCE, the principal investigator on the project. The 
McAfee Professor of Engineering at MIT, Buehler heads the civil and environmen-
tal engineering department there and is the director of the Laboratory for Atom-
istic and Molecular Mechanics. “You can replace the material itself with any-
thing,” Buehler said in the press release, pointing out that “the geometry is the 
dominant factor.” For example, the researchers suggested that the confi gura-
tion could be used in place of such large-scale structural materials as concrete. 
The porous geometry could offer strength comparable to that of typical concrete 
at a fraction of the weight while providing good insulation because of the large 
amount of enclosed air space, according to the press release. The principal au-
thor of the paper was Zhao Qin, Ph.D., a research scientist at the Laboratory for 
Atomistic and Molecular Mechanics; Gang Seob Jung, a graduate student, and 
Min Jeong Kang, S.M.ASCE, a recent graduate, were coauthors.
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