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Abstract

This study presents results from cyclic testing on various configurations of a recently devel-
oped pressurized sand damper (PSD) in which a steel sphere is moving within a cylindrical
tube filled with sand that is under pressure. The experimental campaign investigated the ef-
fects of the key design parameters of the damper, namely, the effect of the clearance between
the moving sphere and the cylindrical tube and the effect of the overall length of the damper
to its force output. The recorded force—displacement loops when normalized to the strength of
the pressurized sand damper reveal remarkable order with stable behavior and confirm that
the force output is nearly rate-independent.
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1 INTRODUCTION

Earthquakes, winds and traffic loading on bridges, induce vibrations of different ampli-
tudes and durations, yet detrimental. Earthquakes for example induce large structural dis-
placements and velocities with a finite duration, whereas the prolonged winds require high
energy dissipation, while the traffic loading small amplitude is characterized by very long du-
ration that may fatigue supplemental dampers and eventually lead to catastrophic failures [1].
The suppression of large earthquake-induced displacements requires long-stroke dampers;
whereas the high-velocity demands that often originate from pulse-like near-source ground
motions [2-4] have challenged the damping device industry to manufacture dampers with be-
havior that is nearly velocity-independent.

To that end, seismic isolation systems, specially designed energy dissipation devices, re-
sponse-modification techniques and coupling systems that dissipate energy have been devel-
oped, to cover the increasing needs of civil structures to meet acceptable performance levels
when subjected to earthquake or wind excitations. Such devices and systems which constitute
alternative strategies to the traditional seismic capacity design of structures include the elas-
tomeric bearings [5-9], fluid and hysteretic dampers [10-14], buckling-restrained braces
(BRBs) [15], yielding steel dampers [16-18], tuned mass dampers (TMDs) [19], inerters [20,
21], as well as the rocking isolated systems or those coupled with fluid or hysteretic damping
devices, or with inerters [22-25], among others. This study proposes a new device which is
not vulnerable to failures of the end seals, while at the same time can accommodate small-
and large-stroke amplitudes.

This research is partly motivated by the need to develop sustainable energy dissipation de-
vices that do not suffer from oil leakage due to failure of their end seals [1] and from the oc-
casional displacement limitations of the BRBs and the yielding steel dampers; and partly from
the need to develop a robust damper that consists only of traditional civil engineering materi-
als (sand and steel) in association with the use of post -tensioned steel rods with which practi-
tioner civil engineers are familiar. Past failures of fluid dampers are both disruptive and costly,
therefore not in-line with the current design paradigm of sustainable engineering, where the
design and construction of structural systems shall meet acceptable performance levels at pre-
sent and in the years to come without compromising the ability of future generations to use,
maintain, and benefit from them.

This study presents results from extensive cyclic testing of various configurations of the
proposed PSD [26-35] which does not suffer from the challenges of viscous heating, or from
limited displacement capabilities and addresses the quest for velocity-independent (hysteretic)
dissipation. This paper builds on previous studies [26, 29, 30, 33] and discusses the concept,
design, and experimental campaign of the sustainable, innovative, cost -effective, long-stroke,
fail-safe PSD, where the moving piston-rod that is enclosed within the damper housing is sur-
rounded by pressurized sand. The limited dependence of the energy dissipation of granular
materials to temperature renders the sand as an ideal dissipative material [36]. The proposed
device is simple, robust in harsh environments with either high or low temperatures and de-
livers a stable force-displacement behavior over a large number of cycles.

2 CONCEPTION OF THE PSD, CONFIGURATIONS AND EXPERIMENTAL
SETUP

2.1 Conception of the PSD

The development of the PSD is based on enclosed pressurized sand in a steel tube. This
enclosed sand cannot be considered as a 'fragile material', due to the appreciable externally
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Figure 1: Schematic of the proposed PSD. The pressure applied to the enclosed sand is illustrated through a dia-
gram of forces.

applied pressure, p, that results in a dominant hydrostatic stress tensor. The pressurized sand
can be better characterized as a yielding continuum, where the drag force applied to the mov-
ing sphere is the result of the development of normal (passive) and shear stresses along the
sand-steel interface.

Figure 1 shows the proposed PSD with a cylindrical damper housing of internal diameter D
and length L, where a steel sphere of radius r is mounted on a double-ended piston-rod of di-
ameter dr. Energy is dissipated from the shearing action of the sand as the sphere mounted on
the damper-piston is plowing through the pressurized sand. The pressure on the sand is exert-
ed with external post-tensioned steel rods, where their tensile force can be monitored in real-
time with strain gauges. Because of the finite length and diameter of the damper housing, the
resisting force applied to the steel sphere depends on the displacement of the sphere (stroke of
the damper), u, and the clearance (gap) between the steel sphere and the cylindrical tube, D —
2r. By following the reasoning presented in [26, 29, 30, 33] that is rooted in dimensional
analysis, the resisting (drag) force, Fsp, on the sphere moving along the axis of the cylindrical
damper housing of diameter D is expressed by:

Fso (u(t)) = I1s p r? p(u(t), r/R) + u k p 7 drod Lnet w(u(t)) (1)

The first term accounts for the resistance from the sphere, while the second term considers
the resistance from the piston-rod due to friction., /s is a dimensionless coefficient that ac-
counts for several geometric, material and loading parameters; p= 4F/zD? is the average pres-
sure exerted to the sand; r is the radius of the mounted sphere on the piston-rod; @(u(t), r/R)
is a dimensionless function that depends on the stroke, u(t), and on the normalized clearance
of the moving sphere from the damper housing, (r/R); u is a friction coefficient developed
along the sand-steel interface; K is a coefficient that relates the radial pressures to the exerted
axial pressure, P; 77 drod Lnet is the surface of the piston-rod that is in contact with the pressur-

ized sand; and ¢(u(t)) is a dimensionless function that accounts for the dilatancy of sand as it

is being sheared by the moving piston-rod [26, 29, 30, 33].It is shown in previous studies
from the authors [26, 29, 30, 33] that simple linear regression analysis, of the results where
only the friction force that develops along the cylindrical surface of the piston-rod 77 drod Lnet

is considered, yields an average estimate of the combined parameter k= 0.016.

2.2  Configurations of the PSD

This study builds on previous studies by the authors [26, 29, 30, 33], where the main thrust
was to assess the effects of two key design parameters: (a) the clearance between the moving
sphere and the damper housing (7/R); and (b) the length of the damper housing (Z/R). The ef-
fects of these two design parameters were assessed experimentally and are addressed in the

1203



Konstantinos N. Kalfas, Nicos Makris

Damper Housing Sphere

L D=2R d=2r
No cm cm cm
1 5.08
2 12.38 5.72
3 -
4 5.08
5 60.96 13.97 5.72
6 -
7 5.08
8 12.38 5.72
9 5.08
10 68.58 13.97 5.72

Table 1: PSD configurations being tested in the SMU Structures laboratory.

following sections. To investigate the influence of these two parameters on the PSD behavior,
multiple configurations are designed and assembled. These configurations are consisted of
damper housings (cylindrical tubes) with lengths of L= 60.96, 68.58 cm, and diameters of D=
2R=12.38, 13.97 cm; as well as of mounted spheres on the piston-rod with two different di-
ameters: d= 2r= 5.08, 5.715 cm. The diameter of the piston-rod is: dr= 3.175 cm. A total of
10 different configurations are assembled, which are summarized in Table 1. More details
about the complete study are available in [26, 29, 30, 33].

2.3 Experimental setup

The experimental setup in the Structures Laboratory at SMU can be seen in Fig. 2, where a
245-kN hydraulic actuator with a = 25.4 cm stroke imposes on the attached sand damper a
harmonic displacement loading, u(t) = wosin(2rfot) with amplitude Uo and frequency fo at
various pressure levels and different frequencies. The damper housing has been filled with dry
sand of an average density of © ~ 1,900 kg/m> and an aggregation gradation range of 0.6 <
dgr <2 mm. Additional details can be found in [26, 29, 30, 33].

After the damper housing is filled with the dry sand, the end-cap is hand-tight, while the
damper is vertical. Subsequently, the damper is mounted, along its horizontal position, on the
reaction frame. Then, the damper is post-tensioned at the desired pressure by reading the axial
strains on the four post-tensioned stainless steel rods measured with the commercially availa-
ble weldable strain gauges. These strain gauges are permanent on the post-tensioned stainless

pressurized

MTS. 245-kN (55-kip) Wsand damper
@ hydraulic actuator

Figure 2: View of the experimental setup in the Structures Laboratory of Southern Methodist University.
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steel rods to monitor over time the exerted pressure on the PSD that may need to be adjusted
in the long run due to the progressive crushing of the sand grains that will happen in the
neighborhood of the moving sphere after repeated cycling.

3 EXPERIMENTAL CAMPAIGN

3.1 Component testing of the PSD

Figure 3 plots selected recorded force-displacement loops from harmonic displacement
loading, u(t) = uosin(2mfot) with amplitude uo and frequency fo, on the prototype PSDs with
different sphere and damper housing diameters. Different pressure levels have been exerted (p
ranges from 1 to 4 MPa), while the velocities of the piston-rod due to the applied cyclic dis-
placements are ranging from 0.63 to 4.71 cm/sec. It is observed that the force output when the
sphere is passing through the origin, which is when the sphere reaches its peak velocity during
its harmonic motion, is nearly velocity-independent. The overall shape of the hysteretic loops
together with the pinching behavior that manifests at larger displacements and increasing
pressure levels is essentially not affected by the local behavior prior to yielding. The recorded
force-displacement loops demonstrate a remarkable stable behavior of the PSD despite the 10
consecutive cycles of loading in each test.

3.2 Clearance effect between the moving sphere and the damper housing

The effect of the clearance, (7/R), on the force output is investigated experimentally by con-
sidering the configurations presented in Table 1. A total of eight different PSD configurations
are considered. PSDs with two different lengths of the damper housing (L= 60.96 cm and L=
68.58 cm) and two different diameter cylinders (D= 2R= 12.38 cm and 13.97 cm). Cyclic tests
are conducted by using in succession two spheres with diameters d= 2r= 5.08 cm, and 5.72
cm.

The force output from the damper during cyclic testing as the sphere mounted on the pis-
ton-rod passes by the displacement origin [u= 0 and ¢(0)= w(0)= 1] is given by Fsp (u=0) =
IIs p r? + u k p 7 drod Lnet. Figure 4 shows indicative plots at various pressure levels, with a

100 =30 MPa 100 =1 0 MPa 100 =70 MPa
ig 2=0.10 Hz ggﬂ,=0.10Hz gg fp=0.25 Hz
= 401 Fsp(u=0 40} Fsp (= 0) 40 Fgp =0)
< 20 N\ 20 N 20 N
- 0 f—— 0 — 0 f
) —— ——J ——J
2 20 -20 -20
£ 40 -40 -40
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Figure 3: Recorded force-displacement loops from different PSD configurations.
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Figure 4: Measured strength, Fsp (u= 0), developed in the PSD during cyclic testing as the sphere passes by the
displacement origin at multiple pressure levels and frequencies with two different PSD configurations.

cylinder of length L= 60.96 cm and inner diameter D= 2R= 13.97 cm. Figure 4a is when the
mounted sphere has a diameter of d = 2r = 5.08 cm and the Fig. 4b is for d= 2r=5.72 cm.
The comprehensive plots of the measured strength, Fsp (u= 0) = IIs p r? + x k p 7 drod Lnet of
the different PSD configurations under consideration can be found in [26, 29, 30, 33].

From Equation (1), the dimensionless coefficient, /7s, of the force output of the damper due
to the sphere alone, when the sphere mounted on the piston-rod passes by the displacement
origin [u= 0 and ¢(0)= w(0)= 1], is:

ITs = Fsp (u= 0)/(p r?) - 1 k 7 (drod Lnet)/r? ?)

Linear regression analysis of the recorded data results in different dimensionless values of
1Is for the data shown in Fig. 4 and those presented in [26, 29, 30, 33]. The resulting values of
I1Is from the four configurations with L= 60.96 cm (damper housing diameters D= 2R= 12.38
cm and 13.97 cm, and sphere diameters d= 2r=5.08 cm, and 5.72 cm), are summarized in Fig.
5. The values of s do not exhibit any trend with respect to the clearance, (r/R), suggesting
that the value of I7s is independent of the clearance, (1/R). Accordingly, this study

e
w

i eioe] @ L= 60.96 cm = 24 in]
0 0.1 0.2 " 0.3 0.4 0.5
/'R

Figure 5: Values of the dimensionless product (/7- term), /s, as expressed by Equation (2) for the PSD with L=
60.96 cm.
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Figure 6: Recorded force-displacement loops with length L= 60.96 cm and cylinder diameter of D= 2R= 13.97
cm, at various amplitudes, exerted pressures and frequencies normalized to the average strength of the PSD, Fsp
(u: 0) = HS p r2 + U k p T drod Lne[: 426 p I’Z + 0016 p /4 drod Lne[.

yields for a tube length L= 60.96 cm an average value of //s= (2.65 + 4.44 + 5.84 + 4.10)/4 =
4.26.

Now that an average value for the dimensionless constants //s= 4.26. (for the configura-
tions with L= 60.96 cm), and an average value for the friction coefficient uk= 0.016 have been
determined, Fig. 6 plots indicatively, all the force-displacement loops recorded during the ex-
perimental campaign for the two damper configurations with damper housing length L= 60.96
cm and inner diameter D= 2R= 13.97 cm (sphere diameters of d= 2r=5.08 cm, and 5.72 cm,
in Figs. 6a and 6b, respectively) shown in Fig. 4; for all frequencies and exerted pressures,
normalized to the strength of the PSD, Fsp (u= 0) = ITs p r?> + u k p 7 drod Lnet= 4.26 p 2 +
0.016 p 7 drod Lnet. The normalized plots exhibit remarkable order showing that the behavior
of the PSD is rate-independent.

3.3  Effect of the length of the damper housing

Figure 7 plots all the resulting values of /7s from 4 configurations with L= 60.96 cm and 4
configurations with L= 68.58 cm, as a function of (Z/R). The range of (L/R) that has been

Ilg
W

T®L=6096cm=24in
1® L =68.58cm=27in

26 28 30

Figure 7: Values of the dimensionless product (/7- term), ITs, as expressed by Equation 2 for the PSDs with L=
60.96 cm and L= 68.58 cm.
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tested shows that there is a decreasing trend of [7s as the (L/R) ratio increases revealing a
trend that the sphere mounted on the piston-rod "feels" the finite length of the damper at the
very initiation of the motion.

4 CONCLUSIONS

In this paper, part of the extensive experimental campaign, on various configurations of a
recently developed PSD, in an effort to better understand the effect of the clearance between
the moving sphere and the damper housing and the effect of the overall length of the damper
to its force output, is presented. The presented experimental results show that the force output
of the PSD at the initiation of the motion of the sphere is independent of the values of the
clearance, (r/R), that were examined. These results stem from the local characteristic of the
failure of the sand structure in the vicinity of the sphere. At the same time, the force output of
the PSD at the initiation of motion decreases as the length of the damper cylinder increases,
suggesting that the sphere “feels” the finite length of the damper even at the initiation of mo-
tion when it is at mid-stroke. When the recorded force—displacement loops for all frequencies
and exerted pressures are normalized to the strength of the PSD, remarkable order emerges
and confirms that the behavior of the PSD is nearly rate-independent. This work laid out an
analysis framework to assess the effect of the design parameters of the PSD and can be used
as a guide for the design of PSDs at different scales.
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