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Abstract To study the ground motion intensity measures
 IMs suitable for the design of seismic performance with a
focus on longitudinal resistance in tunnel structures 21
different seismic intensity parameters are selected for nonlinear
calculation and analysis of tunnel structures in order to
determine the optimal IM for the longitudinal seismic
performance of tunnel structures under different site
conditions. An improved nonlinear beam-spring model is
developed to calculate the longitudinal seismic response of
tunnels. The PQ-Fiber model is used to simulate the
longitudinal nonlinear behavior of tunnel structures and the
tangential interactions between the tunnel and the soil is
realized by load in the form of moment. Five different site
types are considered and 21 IMs is evaluated against four
criteria effectiveness practicality usefulness and
sufficiency. The results indicate that the optimal IMs are
significantly influenced by the site conditions. Specifically 
sustained maximum velocity  VSM emerges as the optimal IM
for circular tunnels in soft soil conditions  CaseⅠsites  peak
ground velocity  VPG is best suited for CaseⅡsites sustained
maximum acceleration  ASM  is ideal for both Case Ⅲ and
Case Ⅴ sites and peak ground acceleration  APG for Case Ⅳ
sites. As site conditions transition from CaseⅠ to Case Ⅴ 
from soft to hard the applicability of acceleration-type
intensity parameters gradually decreases while the
applicability of velocity-type intensity parameters gradually
increases.
Key words seismic intensity measures tunnel longitudinal
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T unnels are vital components of urban lifeline pro-
jects and essential elements of modern metropolitan

transportation networks. Despite tunnels historically being
considered more seismically resilient than aboveground
structures 1  numerous strong seismic events worldwide
over the last few decades have inflicted significant dam-
age on them. These seismic damage cases have shattered
the traditional perception of tunnels􀆳 seismic resilience 
emphasizing the urgent need for enhanced seismic safety
considerations in the design of underground structures.
Therefore investigating the seismic response behavior
and evaluating their seismic performance have become
critical 2 6 .
　 Determining the optimal intensity measure  IM is a
significant challenge in earthquake engineering research 
aiming to accurately represent the seismic ground motion
intensity and reduce the variability in structural respon-
ses 7 . Unlike aboveground structures the seismic re-
sponse of tunnels and other underground structures is
mainly affected by seismic-induced ground deformation
and the soil-structure interactions rather than the structure􀆳s
own inertia. Accordingly determining the optimal IM for
tunnel structures demands meticulous attention. Chen et
al.  8 evaluated IMs in mountain tunnels and found that
velocity-type IMs demonstrate the highest correlation.
Zhang et al. 􀆳s 9 analysis highlighted sustained maximum
acceleration as the optimal IM among 20 commonly used
ones for evaluating damage in circular tunnels. The above
studies however have mainly focused on the seismic
IMs for cross-sectional aspects of tunnels. The longitudi-
nal dynamics of tunnel structures including their suscep-
tibility to longitudinal bending and axial compression in-
duced by non-uniform seismic wave excitation have re-
ceived poor attention 10 . Therefore seismic responses in
the longitudinal direction of tunnel structures should re-
ceive equal attention as those in the transverse direction.
This should be further applied in assessing the optimal IM
for longitudinal tunnel structures. Yet studies addressing
the optimal IMs for longitudinal seismic response in tun-
nels have been scarce.
　 This study focuses on the optimal IMs for the longitudi-
nal probabilistic seismic demand model of continuous tun-
nels constructed using the drilling and blasting method.
Based on the calculated tunnel seismic responses 21 IMs



were examined using selection criteria such as correlation 
efficiency practicality and proficiency. The peak ben-
ding moment ratio was selected as the engineering de-
mand parameter  DM . The seismic response of the tun-
nel in the longitudinal direction was calculated using an
improved nonlinear beam-spring model. In this model 
the PQ-Fiber beam model is employed to simulate the
nonlinear behavior in the longitudinal direction of the tun-
nel and the torsional moment is considered to account for
the tangential interactions between the tunnel and the soil.
The study encompassed five different site classes corre-
sponding to the site categories specified in the Chinese
code for seismic design of urban rail transit structures.
Through a thorough analysis of the results the optimal
IMs for the longitudinal response of tunnels were recom-
mended.

1 　 Selection of Intensity Measures and Evalua-
tion Criteria

1. 1　 Section of intensity measures

　 In this study 21 seismic intensity parameters were se-
lected 11 12 . These IMs can be broadly classified into two
types 1 IMs that consider only seismic motion informa-
tion. These IMs can be directly obtained from seismic re-
cords such as peak ground acceleration  APG   peak
ground velocity  VPG   and peak ground displacement
 DPG . 2 IMs related to structural characteristics. These
IMs need to be determined indirectly through computer-
aided analysis.
　 1 Peak ground acceleration

APG = max a t  1 

　 2 Sustained maximum acceleration  ASM  : Third lar-
gest peak in acceleration time history.
　 3) Arias intensity

IA = π
2g∫

tf

0
a2( t)dt (2)

　 4) Cumulative absolute velocity

ICAV = ∫tf

0
a( t) dt (3)

　 5) Acceleration root mean square (RMS)

arms =
∫t95

t5
a2( t)dt

td
(4)

　 6) Characteristic intensity

Ic = a1. 5
rms t

0. 5
d (5)

　 7) Peak ground velocity

VPG = max v( t) (6)

　 8) Sustained maximum velocity (VSM): Third largest
peak in velocity time history.
　 9) Specific energy density

ISED = ∫tf

0
v2( t)dt (7)

　 10) Velocity RMS

vrms =
∫t95

t5
v2( t)dt

td
(8)

　 11) Compound velocity-related intensity measure

If = VPG t0. 25
d (9)

　 12) Peak ground displacement

DPG = max d( t) (10)

　 13) Displacement squared integral

dsq =
∫t95

t5
d2( t)dt

td
(11)

　 14) Displacement RMS

drms =
∫t95

t5
d2( t)dt

td
(12)

　 15) Composite displacement

Id = DPG t
1
3

d (13)

　 16) Peak pseudo-spectrum acceleration

IPSA = maxSpa (14)

　 17) Peak pseudo-spectrum velocity

IPSV = maxSpv (15)

　 18) Acceleration spectrum intensity

IAS = ∫0. 5

0. 1
SpadT (16)

　 19) Velocity spectrum intensity

IVS = ∫0. 5

0. 1
SpvdT (17)

　 20) Housner intensity

IH = ∫2. 5

0. 1
SpvdT (18)

　 21) Effective peak acceleration

IEPA =
∫0. 5

0. 1
SadT

2. 5 (19)
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where tf is the total duration of the seismic motion; a( t),
v( t) and d( t) represent the acceleration, velocity, and
displacement time histories, respectively; Sa, Sv, Spa,
and Spv represent the spectral acceleration, the spectral ve-
locity, the pseudo-spectral acceleration, and the pseudo-
spectral velocity, respectively; t5 and t95 represent the
times at which 5% and 95% of the Arias intensity have
been reached, respectively, and td = t95 - t5 denotes the
effective duration of strong earthquake shaking.

1. 2　 Evaluation criteria

　 The probabilistic seismic demand model is used to esti-
mate the probability distribution of structural response un-
der specific seismic intensity levels. This model establi-
shes the relationship between IMs and the corresponding
demands on different structures or components, facilita-
ting an understanding of how different structures are likely
to respond under various seismic conditions[13 14] . Cornell
et al. [15] assumed that for a specific IM, the probability
distribution of the damage measures (DMs) exceeding a
specific demand level D follows a log-normal distribution as

β{SDM≥D SIM} = 1 -Φ
lnSD - lnD

β tot
( )　 　 (20)

where the probability of the SDM exceeding a specific dam-
age state D under a certain ground motion SIM obeys a
log-normal distribution, as shown in Eq. (20) . Here,
Φ(·) represents the standard normal distribution func-
tion, SD denotes the mean of the structural DM estimates,
and β tot presents the total log-normal standard deviation.
　 According to the research conducted by Cornell et
al. [15], there exists a power-law correlation between SD

and SIM:

SD = aSb
IM (21)

　 By taking the natural logarithm of both sides of the
above equation, the following expression is obtained as

lnSD = lna + blnSIM (22)

　 The evaluation criteria for selecting the optimal IMs
mainly encompass four aspects: efficiency[16], practicali-
ty[17], proficiency[18], and sufficiency[19] .
1. 2. 1　 Efficiency
　 The efficiency of seismic motion intensity parameters is
measured by the standard deviation of the logarithm of the
residuals, denoted as βD . For a specific IM, a smaller βD

indicates higher efficiency. The formula for βD is shown
as follows:

βD = ∑[ lnd i - ln(aSb
IM)]

2

n - 2 (23)

where d i represents the i-th DMs obtained from the seis-
mic analysis of the soil-structure interaction system.

1. 2. 2　 Practicality
　 Practicality assesses whether there is a direct correlation
between the DMs and the IM. This attribute can be meas-
ured using the regression parameter b in Eq. (22) . A val-
ue of b close to zero suggests that the IM has negligible
influence on DM, whereas a larger value of b denotes
stronger practicality of that IM.
1. 2. 3　 Proficiency
　 When evaluating seismic intensity measures using both
efficiency and practicality criteria, different outcomes
may arise. To address this, Padgett et al. [18] proposed a
proficiency index as a primary criterion for selecting the
seismic intensity measure. The proficiency index, deno-
ted as ζ, considers both efficiency and practicality. Simi-
lar to efficiency, a smaller ζ indicates greater proficiency.

ζ =
βD

b (24)

1. 2. 4　 Sufficiency
　 Sufficiency refers to the relative independence of a
structure􀆳s response from seismic event parameters ( such
as earthquake magnitude Mw, fault distance Rrup) under a
specific seismic intensity measure. Sufficiency can be
evaluated by performing separate single-parameter linear
regression analyses of the residuals ε with respect to Mw

and Rrup . The regression equations can be expressed as
follows:

εIM =
aM + bMMW

aR + bRRrup
{ (25)

　 To assess sufficiency, the P-value method is employed
to test the hypothesis that the slope is equal to zero. The
P-value is defined as the probability of erroneously rejec-
ting the null hypothesis[19] in the regression analysis, as-
suming that the slope equals to zero. In this study, a sig-
nificance level of 5% is used for the hypothesis test[19 20] .
If the P-value exceeds 5% , the IM measure is generally
considered to have sufficiency. A higher P-value for the
slope indicates stronger evidence of the sufficiency of the
IM measure.

2　 Nonlinear Seismic Finite Element Model
2. 1　 Nonlinear beam-spring model considering tan-

gential interaction

　 Previous models for foundation beams primarily ad-
dressed the longitudinal response of tunnels under full slip
conditions, where the tangential interaction force is zero.
This assumption highly idealizes the scenario, neglecting
the crucial aspect of contact behavior between the tunnel
lining and the surrounding medium. Recognizing this,
our study adopts a modified beam-spring model proposed
by Zhao et al. [21] . This model, as shown in Fig. 1, con-
sists of a Timoshenko beam resting on Winkler foundation
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springs and considers the tangential interaction through
distributed equivalent bending moments acting on the
beam. The tunnel beam has an outer diameter of 6. 2 m,

an inner diameter of 5. 5 m, a lining thickness of 0. 35
m, a length of 500 m, and a longitudinal steel reinforce-
ment ratio of 1. 24% , as shown in Fig. 1.

Fig. 1　 Beam model on an elastic foundation (unit: m)

　 Nonlinear fiber elements are usually applied to expedite
computational analysis. Specifically, this study utilizes
the PQ-Fiber beam model[22] to simulate the nonlinear
mechanical behavior of the reinforced concrete tunnel lin-
ing. Within this model, the concrete fibers are character-
ized by the UConcrete02 constitutive relationship, as
shown in Fig. 2. Similarly, the steel fibers follow the
USteel02 constitutive relationship, accommodating a mo-
tion hysteretic model, as indicated in Fig. 3. The consti-
tutive parameters used for concrete and steel reinforce-
ment are shown in Table 1.

Fig. 2　 Stress-strain relationship of concrete under uniaxial cy-
clic loading

Fig. 3　 Constitutive model considering the kinematic hardening
elastic-plastic behavior of reinforcing steel

　 The incident seismic wave motion is converted into a
distributed normal force Fz to account for the normal
ground-tunnel interactions, which can be determined by

Fz = Khug (26)

where ug represents the displacement of the incident seis-
mic wave; Kh denotes the modulus of the Winkler foun-
dation spring, as referred to in Zhao et al. [21], which can
be given as

Kh =
3Eg

1 - ν2
g

EgL
2E lR( )

1 / 8

(27)

Table 1　 Material parameters for concrete and reinforcing steel

Material
Density ρ /
(kg·m - 3)

Elastic
modulus
Eg / GPa

Poisson􀆳s
ratio ν

Yield
strength
fy / MPa

Axial
compressive

strength fc0 / MPa

Peak
compressive

strain εc0

Ultimate
compressive
strain εcu

Steel 7 800 200. 0 0. 30 456
Concrete 2 400 　 34. 5 0. 20 28 0. 001 879 0. 003 8

where Eg and νg indicate the elastic modulus and Poisson􀆳s
ratio of the ground, respectively; E l is the elastic modu-
lus of the tunnel; L represents the wavelength; R and r
are the outer and inner radius of the tunnel, respectively.
　 Moreover, the distributed moment Mτ is applied to the
beam to consider the tangential ground-tunnel interac-
tions, as referred to in Zhao et al. [21], which can be de-
termined by

Mτ = - K2 u̇g (28)

where u̇g is the velocity of the incident seismic wave; K2

is the tangential interaction coefficient, according to Zhao
et al. [21], which can be expressed as

K2 =
2πGgGl(R2 - r2)R3

csR[Gg(R2 + r2) + Gl(R2 - r2)]
(29)

where Gg and cs are the shear modulus and shear velocity
of the ground, respectively.
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2. 2　 Site conditions

　 To account for the influence of ground conditions on
the longitudinal seismic vulnerability of tunnels, five
types of ground conditions were selected in this study by
consulting the code for seismic design of urban rail transit
structures (GB 50909—2014) and other references[23] .
The ground conditions classified as Case Ⅰ to Ⅴ in this
paper correspond to ground conditions Case Ⅰ0, Case
Ⅰ1, Case Ⅱ, Case Ⅲ, and Case Ⅳ specified in the seis-
mic design code. The mechanical parameters, including
density ρg, elastic modulus Eg, shear wave velocity cs,
and Poisson􀆳s ratio νg, are listed in Table 2.

Table 2　 Parameters of the surrounding ground

Ground
cases

Density
ρg /

(kg·m - 3)

Young􀆳s
modulus
Eg / MPa

Poisson􀆳s
ratio
νg

Shear
velocity

cs / (m·s - 1)
CaseⅠ 2 000 　 54. 0 0. 35 100
CaseⅡ 2 200 228. 8 0. 30 200
CaseⅢ 2 400 877. 5 0. 30 375
CaseⅣ 2 500 2 640. 7 0. 25 650
CaseⅤ 2 600 6 500. 0 0. 25 1 000

2. 3　 Input ground motions

　 In this subsection,we selected a total of 50 pairs of hor-
izontal seismic records from 24 different earthquake
events sourced from the PEER website. Our selection was
guided by the following criteria: 1) a moment magnitude
(Mw) larger than 6; 2) the absence of velocity pulses.
The pseudo-acceleration response spectra of these selected
seismic records are displayed in Fig. 4. For the subse-
quent numerical analysis, each of the two horizontal com-
ponents from every seismic record was individually input
into the numerical model. Thus, this process resulted in a
total of 100 numerical simulations.

Fig. 4　 Pseudo-acceleration response spectra

2. 4　 Damage measure

　 The DM is an important indicator to quantify structural
damages when assessing seismic vulnerability. This work
mainly focuses on selecting the optimal seismic intensity

that influences the longitudinal seismic response of tun-
nels. For this purpose, a force-based DM has been select-
ed, defined as the ratio of the actual bending moment M
to the capacity bending moment MRd along the tunnel􀆳s
longitudinal axis.

3　 Evaluation of the Rationality of Seismic Inten-
sity Measures

3. 1　 Efficiency testing

　 The efficiency testing results are presented in Fig. 5,
focusing on the damage parameter of the peak bending
moment ratio. Under softer soil conditions, the seismic
velocity intensity measure emerges as the most effective.
In both Case Ⅰ and Case Ⅱ, VSM stands out as the most
effective IM, with residual standard deviations βD of
0. 287 and 0. 312, respectively. Conversely, ICAV ranks as
the least effective indicator, exhibiting residual standard
deviations βD of 0 . 601 and 0 . 618 for Cases Ⅰ and Ⅱ,

(a)

(b)

(c)

(d)

(e)
Fig. 5　 Comparison of the effectiveness of seismic intensity pa-
rameters across different sites. ( a) Case Ⅰ; ( b) Case Ⅱ; ( c)
Case Ⅲ; (d) Case Ⅳ; (e) Case Ⅴ
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respectively. As soil conditions gradually become stiffer,
the seismic acceleration intensity measure is the most ef-
fective IM. In Cases Ⅲ and Ⅴ, ASM proves to be the
most efficient IM, with residual standard deviations βD of
0. 311 and 0. 386, respectively. ICAV remains the least ef-
fective IM, with residual standard deviations βD of 0. 581
and 0. 649, respectively. In Case Ⅳ, APG is identified as
the most effective IM, achieving the lowest residual
standard deviation of 0. 284, while the least effective IM
is observed in dsq with a residual standard deviation βD of
0. 596.

3. 2　 Practicality testing

　 The practicality results for each IM-DM pair, compu-
ted based on damage parameters related to the peak ben-
ding moment ratio, are summarized in Fig. 6. In the soft
soil conditions of CaseⅠ, the results in Fig. 6(a) indicate
that VPG is the most practical IM, exhibiting the largest

(a)

(b)

(c)

(d)

(e)
Fig. 6 　 Comparison of the practicality of seismic intensity pa-
rameters across different sites. ( a) Case Ⅰ; ( b) Case Ⅱ; ( c)
Case Ⅲ; (d) Case Ⅳ; (e) Case Ⅴ

slope b, specifically 0. 801. As the soil gradually be-
comes stiffer, the practicality of the seismic acceleration
intensity measure becomes more pronounced. The most
practical seismic intensity measures across these cases are
IAS, IEPA, ASM, and ASM, with corresponding slopes b of
0. 927, 0. 965, 1. 002, and 0. 954, respectively. Across
all five soil conditions, dsq is found to be the least practi-
cal IM, with corresponding slopes b of 0. 168, 0. 143,
0. 135, 0. 131, and 0. 103.

3. 3　 Proficiency testing

　 Fig. 7 summarizes the calculated ζ values, which are
used for assessing damage measures of the peak bending
moment ratio. The most proficient IMs in both Case Ⅰ
and Case Ⅱ are velocity-type seismic intensity measures.
Specifically, VSM and VPG stand out with corresponding
uncertainty parameters ζ of 0. 359 and 0. 412, respective-
ly. In harder ground conditions, observed in Cases Ⅲ,

(a)

(b)

(c)

(d)

(e)
Fig. 7　 Comparison of the proficiency properties of seismic in-
tensity parameters across different sites. ( a) Case Ⅰ; (b) Case
Ⅱ; (c) Case Ⅲ; (d) Case Ⅳ; (e) Case Ⅴ
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Ⅳ, and Ⅴ, the most proficient IMs shift to acceleration-
type seismic intensity measures. In Cases Ⅲ and Ⅴ, ASM

is identified as the most proficient IM, featuring corre-
sponding uncertainty parameters ζ of 0. 322 and 0. 404.
In Case Ⅳ, APG is recognized as the most proficient IM,
with an uncertainty parameter ζ of 0. 285. Similar to find-
ings on practicality, dsq is found to be the least practical
IM across all ground conditions, with significantly higher
uncertainty parameters ζ of 3. 284, 4. 102, 4. 302,
4. 568, and 6. 287.

3. 4　 Sufficiency testing

　 Table 3 presents the results of the conditional independ-

ence test regression models, analyzing the relationship be-
tween the residuals of the corresponding IM and DM in
the longitudinal direction of a circular tunnel and both
earthquake magnitude and distance. Based on Table 3, it
is evident that all the P-values obtained from the regres-
sion analysis with earthquake magnitude exceeded 5% .
This suggests a lack of correlation between the seismic in-
tensity parameters and earthquake magnitude, thereby af-
firming the sufficiency evaluation based on earthquake
magnitude.

3. 5　 Determining the optimal intensity parameters

　 The study investigated seismic intensity parameters

Table 3　 Comparison of the sufficiency of seismic intensity parameters (peak bending moment ratio) in different sites

IM
P-value Mw P-value Rrup

Case Ⅰ Case Ⅱ Case Ⅲ Case Ⅳ Case Ⅴ Case Ⅰ Case Ⅱ Case Ⅲ Case Ⅳ Case Ⅴ
APG 0. 386 0. 411 0. 478 0. 504 0. 526 0. 610 0. 585 0. 516 0. 476 0. 502
IA 0. 487 0. 487 0. 568 0. 583 0. 591 0. 654 0. 602 0. 546 0. 521 0. 609

ICAV 0. 469 0. 466 0. 532 0. 543 0. 531 0. 722 0. 598 0. 550 0. 530 0. 680
arms 0. 409 0. 425 0. 496 0. 515 0. 542 0. 604 0. 585 0. 515 0. 486 0. 522
Ic 0. 470 0. 476 0. 558 0. 575 0. 592 0. 630 0. 599 0. 538 0. 511 0. 576

ASM 0. 391 0. 414 0. 486 0. 513 0. 533 0. 604 0. 582 0. 508 0. 467 0. 491
VPG 0. 542 0. 463 0. 532 0. 540 0. 571 0. 534 0. 537 0. 462 0. 444 0. 533
vrms 0. 539 0. 463 0. 520 0. 527 0. 561 0. 574 0. 578 0. 499 0. 479 0. 560
ISED 0. 618 0. 519 0. 549 0. 550 0. 565 0. 658 0. 594 0. 521 0. 501 0. 617
If 0. 614 0. 513 0. 559 0. 562 0. 580 0. 607 0. 559 0. 488 0. 469 0. 581

VSM 0. 545 0. 464 0. 531 0. 539 0. 571 0. 532 0. 537 0. 462 0. 445 0. 532
DPG 0. 527 0. 468 0. 518 0. 528 0. 562 0. 710 0. 626 0. 560 0. 537 0. 650
dsq 0. 505 0. 463 0. 511 0. 520 0. 533 0. 745 0. 621 0. 563 0. 541 0. 679
drms 0. 496 0. 453 0. 505 0. 516 0. 552 0. 713 0. 629 0. 566 0. 543 0. 653
Id 0. 528 0. 473 0. 520 0. 528 0. 544 0. 737 0. 621 0. 559 0. 537 0. 671

IPSA 0. 396 0. 430 0. 501 0. 520 0. 534 0. 657 0. 585 0. 530 0. 541 0. 573
IPSV 0. 518 0. 483 0. 525 0. 528 0. 538 0. 599 0. 548 0. 488 0. 474 0. 586
IAS 0. 417 0. 454 0. 541 0. 556 0. 540 0. 580 0. 552 0. 462 0. 435 0. 504
IVS 0. 533 0. 499 0. 533 0. 535 0. 535 0. 561 0. 527 0. 476 0. 463 0. 576
IH 0. 545 0. 498 0. 528 0. 530 0. 530 0. 577 0. 535 0. 484 0. 470 0. 589

IEPA 0. 417 0. 454 0. 541 0. 556 0. 540 0. 580 0. 552 0. 462 0. 435 0. 504

suitable for assessing the seismic performance of subway
stations subjected to seismic activity. Table 4 summarizes
the most effective, practical, and proficient seismic inten-
sity parameters for tunnel structures across five different
site conditions. The findings reveal that as site conditions
shift from soft to hard, the proficiency of velocity-based
seismic intensity parameters gradually decreases, while
the effectiveness of acceleration-based seismic intensity
parameters gradually increases.
Table 4　 Optimal intensity parameters in different site conditions
Evaluation criteria CaseⅠ CaseⅡ CaseⅢ CaseⅣ Case Ⅴ
Efficiency VSM VSM ASM APG ASM

Practicality VPG IAS IEPA ASM ASM

Proficiency VSM VPG ASM APG ASM

4　 Conclusions

　 1) The proficiency of acceleration-related IMs tends to

decrease with softer site conditions, while the proficiency
of velocity-related IMs increases. In addition, displace-
ment-related IMs show inferior performance compared to
other types of IMs based on the proficiency criterion.
　 2) Site conditions significantly influence the determina-
tion of optimal IMs. Considering the criteria of efficien-
cy, practicality, proficiency, and sufficiency, VSM emer-
ges as the optimal IM for circular tunnels in site Case Ⅰ,
VPG is deemed optimal for site Case Ⅱ, ASM is the optimal
IM for site Cases Ⅲ and Ⅴ, and PGA stands out as the
optimal IM for site Case Ⅳ.
　 3) Among the three commonly used amplitude intensi-
ty parameters (APG, VPG, DPG), VPG is found to be suit-
able for site Cases Ⅰ and Ⅱ, while APG fits site Cases
Ⅲ, Ⅳ, and Ⅴ better.
　 4) In this study, the evaluation of structural damage
indicators is limited to force-based, non-cumulative dam-
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age parameters. Subsequent research should consider en-
ergy-based, cumulative damage parameters, which could
better reflect tunnel damage. Additionally, seismic re-
sponses of tunnel structures are influenced by factors such
as structural burial depth and the ratio of structural soil /
rock flexibility. Further investigation into these factors is
necessary to derive more universal conclusions.
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适用于隧道纵向地震响应评估的地震动强度参数优选

赵　 旭1 　 杨宇杰1 　 黄景琦2 　 赵　 密1 　 曹胜涛3

( 1 北京工业大学城市安全与灾害工程教育部重点实验室, 北京 100124)
( 2 北京科技大学土木与资源工程学院, 北京 100083)

( 3 广州颖力科技有限公司, 广州 510700)

摘要:为研究适用于隧道结构纵向抗震性能设计的地震动强度参数( IMs),选取 21 个不同的地震动强度参

数进行了隧道结构的非线性计算和分析,以确定不同场地条件下隧道结构纵向的最优 IM. 建立了改进非线

性梁 弹簧模型以计算隧道结构纵向的地震响应,其中采用了 PQ-Fiber 模型来模拟隧道结构纵向的非线性

行为,以弯矩荷载作用在隧道结构上的形式模拟隧道与土之间的切向相互作用;选取了 5 种不同的场地类

型,采用有效性、实用性、有益性和充分性 4 类评价准则对 21 个 IMs 进行优选. 结果表明:场地条件对最佳

IMs 具有显著影响,持续最大速度 VSM是Ⅰ级场地圆形隧道的最佳 IM;峰值速度 VPG是Ⅱ级场地的最佳 IM;
持续最大加速度 ASM是Ⅲ级和Ⅴ级场地的最佳 IM;峰值加速度 APG是Ⅳ级场地的最佳 IM. 可见,随着场地条

件从Ⅰ类到Ⅴ类,从软到硬,加速度型强度参数适用性逐渐降低,而速度型强度参数适用性逐渐增强.
关键词:地震动强度参数;隧道纵向;概率性地震需求模型;土 结相互作用;改进地基 梁模型
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