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Abstract: This paper documents an experimental study of dynamic response of reinforced concrete beams following instantaneous

removal of a bearing column. Four half-scale specimens representing two-span beam bridging across the removed column were tested.

The test boundary conditions simulated rotational and longitudinal restraints imposed on a frame beam by the neighboring structural

components. The gravity loads were simulated by attaching mass blocks on the beams at three locations. Dynamic loading effects due

to sudden removal of a column were simulated by quickly releasing the supporting force at the middle of the specimens. The experimental

study investigated the load-carrying capacity of beams restrained longitudinally at the boundaries and dynamic impact on forces. The tests

confirmed the extra flexural strength provided by compressive arch action under dynamic loading. The tests also indicated that the

dynamic amplification effects on forces were much lower than that assumed in the current design guideline for progressive collapse.

Keywords: compressive arch action, dynamic impact factor, dynamic response, progressive collapse, reinforced concrete beam.

1. Introduction

Local failure of primary structural components caused by

abnormal loads not considered in a typical design can propagate

and lead to a disproportionate collapse of partial or even entire

structural system. To mitigate the risk of disastrous progressive

collapse in buildings, existing design guidlines consider two

approaches, indirect design and direct design, as described in

ASCE 7-10
1
 and DOD.

2
 Indirect design method emphasizes pro-

viding minimum levels of strength, continuity, and ductility to

ensure structural integrity under abnormal loading events. The

DOD guideline,
2
 require an integrated system of tie forces for

developing tensile membrane or catenary action. In addition, the

ACI 318-08 code
3
 requires at least two beam bottom bars pass

through the region bounded by the column longitudinal reinforce-

ment. As one of the direct design approaches, alternative load path

approach has been recommended.
1,2

 According to this approach,

if a primary load-carrying component such as a column or a bear-

ing wall is destructed during an extreme loading event, an alterna-

tive load path must be generated to resist the redistributed gravity

loads. To examine the performance of reinforced concrete build-

ings following the loss of one or more bearing columns, numerical

studies have been conducted by Hayes Jr. et al.,
4
 Sasani and Kro-

pelnicki,
5
 Sasani and Sagiroglu,

6
 Bao et al.,

7
 and Marchand et al.

8

Findings obtained from the nonlinear static and dynamic analyses

have resulted in an improved understanding of the progressive col-

lapse potential of reinforced concrete structures.

Experimental data are essential for practices in progressive col-

lapse prevention.
9
 However, very limited experimental data is

available to date to calibrate the critical parameters used to define

the strength and stiffness properties of structural components in

nonlinear analysis modeling or to validate numerical simulation

results. Sasani et al.
10

 instrumented an actual ten-story reinforced

concrete building to examine its performance following the sud-

den removal of an exterior column by explosion. Same approach

was used by Sasani and Sagiroglu
11

 to test a six-story reinforced

concrete frame building, except that two adjacent exterior columns

were demolished.

If a non-corner column is removed from a reinforced concrete

frame structure, a two-span beam bridging over the removed col-

umn is formed. This two-span beam, interacting with the sur-

rounding structural elements, is a critical structural component to

develop an alternative load path to prevent a building from pro-

gressive collapse. The redistributed gravity load following column

removal causes top concrete cracking due to negative bending at

each end of the two-span beam and bottom cracking due to posi-

tive bending at the midspan where the column is removed. The

uncracked portion of the beam presents geometry similar to an

arch. Meanwhile, concrete cracking leads to a tendency of the

beam to elongate axially. The elongation, however, is retrained by

the surrounding components such as columns and slabs, which in

turn causes compressive axial force in the beam. Consequently,

the cracked beam behaves as an arch resisting both bending

moment and axial compressive force. Such a compressive arch

action can enhance the flexural capacity of a longitudinally
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restrained beam through axial force-flexure interaction, a property

not considered in a normal design or analysis. Once the beam is

further loaded with large deformation, the compressive axial force

will gradually diminish, accompanying with the reduction of load

carrying capacity. Depending on the beam flexural reinforcement

ratio and span-to-depth ratio, tensile axial force may eventually

develop at a deflection of about the beam height, leading to a cate-

nary action that relies primarily on the tensile strength of longitudi-

nal reinforcement to resist vertical loading.
12 

By testing twelve

specimens under static loading, Su et al.
12

 studied the beneficial

compressive arch effect and its application in progressive collapse

resistance of reinforced concrete beams. The tests indicated that,

depending upon the beam tensile reinforcement ratio and length-

depth ratio, compressive arch action could enhance the vertical

loading capacity of axially restrained beams by 40% to 130%.

If a column is removed instantaneously, the remaining structure

responses dynamically as if a step force equal to the supporting

force provided by the removed column is suddenly applied in the

opposite direction. As an extension to the work by Su et al.,
12

 the

experimental study reported herein investigated the dynamic

performance of axially restrained beams. Such research is needed

because it is largely unknown whether compressive arch action

can also be effectively developed in the two-span beam under

dynamic loading. This is due to the fact that compressive arch

action is a function of the development of flexural cracking, but a

beam may develop less flexural cracks under fast loading than

under static loading condition. Although the progressive collapse

resistance provided by a frame beam may be contributed by both

compressive arch action and catenary action, the latter was beyond

the scope of the study and thus not examined. In addition, the

study did not explicitly address the effect of strain rate on concrete

as that studied by Wei et al.
13

 and Quintero et al.
14

2. Theoretical background - nonlinear SDOF 
system analogy

It is instructive to discuss the dynamic response of an idealized

elastic-perfectly plastic single-degree-of-freedom (SDOF) system

prior to the description of the experimental program and results.

As shown in Fig. 1, this nonlinear system contains a cantilevered

beam resisting the gravity load P associated with a lumped mass

placed at the beam free end. The beam is assumed to have a load-

carrying capacity of Pu corresponding to the formation of plastic

hinge at the beam fixed end. If the gravity load is slowly applied, it

causes a static displacement at the lumped mass denoted as ust.

However, if the gravity load is applied instantaneously, the beam

is essentially subjected to a step force with a magnitude of P that

triggers a dynamic response. Note that this dynamic loading con-

dition is equivalent to the scenario that a vertical support is initially

placed at the lump mass to fully carry the gravity force P and then

suddenly removed. The dynamic response of this nonlinear sys-

tem depends on the level of gravity load P applied on the beam.

The following discussion provides formulation of dynamic

response for this SDOF system if it is undamped.

If P ≤ 0.5Pu, the system behaves elastically and the dynamic

response due to the suddenly applied step force P is described as
15

(1)

where ωn is the natural period of the system. The dynamic

response factor, defined as the ratio of the maximum dynamic

response to the static response, is equal to 2 for both force and

deformation. If P ≥ Pu, the beam fails due to the formation of a

collapse mechanism and the infinite plastic deformation demand

nearby the support. If 0.5Pu< P < Pu, beam plastic hinge is

generated in the SDOF system due to yielding. The displacement

of the lumped mass at yielding that happens at time t = t1 is

denoted herein as uy. Based on Eq. (1), the velocity of the lumped

mass at beam yielding, , can be derived as

(2)

When, t > t1, stiffness of the SDOF system diminishes due to

yielding at t = t1. The dynamic response thereafter is defined by

(3)

Taking the displacement uy and velocity  of the lumped

mass at t = t1 as the initial condition, the equation of motion of the

SDOF system can be solved from Eq. (3) as

(4)

By setting = 0, the peak dynamic displacement response

umax can be determined from Eq. (4) as 

(5)

Note that if the load P is applied as a static load, it causes a dis-

placement equal to

(6)
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Fig. 1 Dynamic responses of a nonlinear SDOF system.
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Thus, it can be derived from Eqs. (5) and (6) that

(7)

It can be seen from Eq. (7) that, if Pu < P < 0.5Pu, the dynamic

response factor for deformation is greater than 2 but with a limited

value.

If the SDOF system is damped, the deformation demand caused

by the step force P is reduced. Fig. 1 shows the dynamic displace-

ment response normalized by static displacement for the afore-

mentioned SDOF system with a natural period of 0.23 sec and a

viscous damping ratio of ξ= 5%. As the gravity load P approaches

Pu, the steady-state displacement of the system becomes closer to

its peak dynamic response umax due to large residual plastic defor-

mation. Thus, the ratio of the maximum deflection to the steady-

state deflection indicates the degree of the applied load P

approaching the load capacity of the beam Pu. The criterion

adopted in DOD
2
 for flexural design is that, the deformation

demand at beam plastic hinges imposed by dynamic loading shall

not exceed the deformation capacity provided by the beam in

order to maintain vertical load carrying capacity. As implied in Eq.

(7) and shown in Fig. 1, the dynamic deformation demand caused

by a step force P, however, is sensitive to the P/Pu ratio if the

elastic limit of a SDOF system is exceeded. Therefore, if the con-

cept of the SDOF system analogy can be extended to a reinforced

concrete beam resisting progressive collapse, its flexural capacity

should be evaluated with reasonable accuracy to avoid an unnec-

essary overestimation of deformation demand.

3. Experimental program

3.1 Test subassemblies
The experimental program consisted of testing four specimens

denoted as D1 to D4. These specimens simulated a portion of a

reinforced concrete frame building (shown in Fig. 2(a)) subjected

to the sudden loss of a column in the first story. The specimens,

with a 1/2-scale from the beams of the prototype building, had

identical dimension shown in Fig. 2(b). Each test subassembly

contains two beams framing with one center column stub and two

short edge columns. Each beam segment was 2,700 mm long,

300 mm deep, and 150 mm wide. The center column represented

the removed column and was 300 mm square. The edge columns

had a cross section of 400 × 250 mm and a height of 600 mm. The

edge beams had enlarged size for convenience of applying bound-

ary conditions during the tests. Specimen D1, as a control speci-

men, was applied only with rotational restraint at each end.

However, for Specimens D2, D3, and D4, both rotational and

axial restraints were applied.

The specimens were constructed using ready-mixed normal-

weight concrete with cube compressive strength ranging from

25.0 MPa to 28.4 MPa. Deformed steel bars were used as beam

longitudinal reinforcement. Each specimen had four 14 mm diam-

eter bars continuous through the entire specimen, two as top rein-

forcement and two as bottom reinforcement. Additional beam

longitudinal reinforcement was used to resist bending moment at

the edge and center columns. These bars were curtailed outside the

critical section with a distance of at least 550 mm based on the cal-

culated moment envelop curve and satisfying the ACI 318-08
3

development length requirement. The longitudinal bars were

extended into the edge columns and anchored with 90-degree

hooks. The clear concrete cover was 20 mm measured from beam

surface to the nearest longitudinal reinforcement. Closed hoops

using smooth steel bars with 135-degree seismic hooks were used

as transverse reinforcement. All the columns of a specimen were

heavily reinforced to ensure an elastic behavior throughout testing.

Specimens D1 and D2 were identically reinforced and simu-

lated a beam originally designed to resist seismic loads in an actual

building. The top reinforcement ratio of these beams was 1.24%

and bottom reinforcement ratio was 0.75%. It is noted that,

although different beam top reinforcement was used at the edge

and the center columns, the yield strength and reinforcement ratio

at these locations were very similar. The transverse reinforcement

of Specimens D1 and D2 had a close spacing of 100 mm to obtain

sufficient shear strength and confinement effects as required in a

seismic design. These specimens were used to study the compres-

sive arch effects on beam stiffness and flexural strength under

dynamic loading and to study the potential progressive collapse

resistance of a beam with seismic designs.

Specimens D3 and D4 simulated the beams designed explicitly

according to the alternative load path approach to bridge over the
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Fig. 2 Prototype structure and test subassembly configuration.
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missing column and sustain the redistributed internal forces fol-

lowing column removal. Thus, the beams of these specimens were

designed to resist negative bending moment at the edge columns

and positive bending moment at the center column. The transverse

reinforcement of these specimens was designed to avoid prema-

ture shear failure during testing. Because of the higher shear

demand, the spacing of transverse reinforcement of beam at the

supports doubled that at the midspan. The beam tensile reinforce-

ment ratio at the edge column (top in tension) was 1.79% and

2.39% for Specimens D3 and D4, respectively. The beam tensile

reinforcement ratio at the center column (bottom in tension) was

1.03% and 1.38% for Specimens D3 and D4, respectively.

Table 1 provides reinforcement layout of the tested specimens,

tensile reinforcement ratio ρ, and cube compressive strength fcu of

concrete measured at the start of a test. Table 2 givens the mea-

sured yield and ultimate strength of reinforcing bars.

3.2 Test setup and loading scheme
Fig. 3(a) schematically shows the test layout planned in this

study to apply boundary restraints on the test subassemblies and to

simulate the dynamic loading effects caused by the instantaneous

removal of a supporting column in the prototype building. Each

edge column of a specimen was vertically supported by two links.

The location of the inner links at points A and B simulated the

beam-column joint centers of the prototype structure. Rotational

restraints at the edge columns were provided by the outer links at

C and D, where the vertical restraining force F was measured.

Except for Specimen D1, the longitudinal displacement of the

edge columns was restrained and the resulting horizontal reaction

force N was measured. One lumped mass was placed at the center

column and two others at the quarter-spans of a specimen. These

lumped masses, each with a weight of P, were used to simulate the

gravity loads transferred to the two-span beam from the transverse

components of the prototype building. An upward force with a

magnitude of 2P was applied to a specimen at the center column

to simulate the supporting force initially provided by the lost col-

umn, and was then quickly released to simulate the sudden

removal of this column. It is noted that, in an actual reinforced

concrete frame system, the gravity load initially carried by the lost

column will be resisted after column removal by not only the two-

span beam but also the neighboring floor slabs and transverse

beams. Thus, the test setup used in this study cannot fully simulate

such complex load redistribution.

Fig. 3(b) illustrates the actual test setup used to accomplish the

test scheme described above. A test bed shown in Fig. 3(c) was

specially designed to support the specimens and to apply desired

boundary conditions at the edge columns. Prior to a test, the edge

columns were anchored into the steel sockets that were vertically

supported in the test bed. The sockets were then further connected

with the vertical struts shown in Fig. 3(c) to restrain the rotation of

the steel sockets and thus the rotation of the edge columns. Finally,

the longitudinal restraint to a specimen was applied by limiting

horizontal movement of the steel sockets. 

After a specimen was assembled with the test bed, the center

column stub was temporarily shored. Mass blocks made of con-

crete and cast iron were stacked and anchored on the beams. The

mass blocks at each of the three loading locations had an equal

weight of P. The mass blocks were fabricated with sleeve holes

that permitted the pipes installed on the test bed to penetrate and

guide the mass blocks to displace only in the vertical direction dur-

ing a test. A hanging bar was used to connect the center column

Table 1 Specimen properties.

Specimen fcu (MPa)
Reinforcement of beam at edge columns (supports) Reinforcement of beam at center column (midspan)

Top bar Bottom bar Tie ρ (tension) Top bar Bottom bar Tie ρ (tension)

D1 27.0 2ø14 + 1ø16 2ø14 ø8@200 1.24% 2ø14 + 2ø12
†

2ø14 ø8@200 0.75%

D2 25.7 2ø14 + 1ø16 2ø14 ø8@200 1.24% 2ø14 + 2ø12
†

2ø14 ø8@200 0.75%

D3 28.4 2ø14 + 2ø16
†

2ø14 ø6@100 1.79% 2ø14 2ø14 + 1ø12 ø6@200 1.03%

D4 25.0 2ø14 + 2ø20
†

2ø14 ø6@75 2.39% 2ø14 2ø14 + 2ø12
†

ø6@150 1.38%

†
Two rows of longitudinal bars were used.

                                       

  Table 2 Reinforcement properties.

Bars ø6 ø8 ø12 ø14 ø16 ø20

fy (MPa) 246 269 371 354 365 398

fu (MPa) 478 487 535 536 572 605

Fig. 3 Test setup (all dimension in mm).
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stub with the beam of a loading frame situated above a specimen.

An upward force was applied to specimen by adjusting the length

of hanging bar until a force of 2P measured from the load cell

shown in Fig. 3(b) was developed in the hanging bar. The

dynamic response of a specimen was triggered by unlocking the

hook connecting the load cell and the hanging bar. The hook was

devised so that the hanging force could be completely released

within 0.008 sec. This short time was less than 10% of the natural

period of all specimens and thereby enabled the simulation of

dynamic loading effects imposed by a step force.

Each specimen was subjected to multiple tests using different

weight P of the mass blocks. The weight P is referred for conve-

nience as applied load in the following discussion. The dynamic

tests of a specimen started from lower level of load P. Once the

test at a load level was completed, the mass at each loading loca-

tion was equally increased and the supporting force at the center

hanging bar was correspondingly adjusted to perform the test at a

new load level. The lower loads were used to study the dynamic

response of a specimen within its elastic range. The higher loads

were used to examine the flexural strength properties of a speci-

men. The number of tests for a specimen and the magnitude of

load P were adjusted based on the observations from the previous

tests. Note that, unlike a static loading test, the dynamic test

scheme employed in this study cannot exactly identify the maxi-

mum gravity load that can be placed at each loading position with-

out flexural failure. However, a lower bound (minimum) load

capacity of the specimens under compressive arch action, Pu,min,

can be determined from the highest applied load that did not result

in a flexural failure.

The specimens were instrumented with three types of sensors:

load cells measuring the horizontal restraining force N, the vertical

restraining force F, and the hanging force 2P; LVDTs measuring

the vertical displacements at the mid- and quarter-spans; and strain

gauges measuring the tensile strain of longitudinal and transverse

reinforcement at selected locations. The test data were simulta-

neously collected at a sampling rate of 1000 Hz by a data acquisi-

tion system. From the measured vertical restraining force F, the

restraining moment M0 at the edge column can be determined as

0.6F (kN-m). Because the test bed was designed initially for the

static loading tests by Su et al.,
12

 the beam shearing forces caused

by inertia forces could not be directly determined.

4. Experimental results and discussion 

4.1 Overall response under lower loads
It was found from tests that the first vibration mode dominated

the response of all specimens. Depending on the gravity load level

P, the maximum deformation response occurred between 0.07 and

0.27 sec. For all specimens, their dynamic response ended at a

steady-state within 2 sec. The deflection-time history recorded at

the center column of the specimens is shown in Fig. 4 for lower

loading (P ≤ 13.7 kN). Flexural cracking occurred in the beams

even at the lowest load level, which resulted in a horizontal

restraining force measured at the specimen boundaries. Fig. 5

shows as an example the response of Specimen D2 at P = 13.7 kN

for three types of measurement. As seen in this figure, the deflec-

tions at the mid- and quarter-spans, the horizontal restraining force

N, and the restraining moment M0 at the edge columns responded

approximately in the same phase. 

Because of the dominance of the first mode, a viscous damping

ratio ξ for this vibration mode can be estimated for the specimens

using Eq. (8) based on the decaying peak center deflections δ1 and

δ4 measured at the first and fourth cycles of vibration.

(8)

The estimated damping ratios of most specimens under lower

loading ranged from 4 to 6%, which is consistent with the typi-

cally assumed 5% damping ratio for a cracked reinforced concrete

structure in seismic time-history analysis. 

δ1

δ4

-----ln
6πξ

1 ξ
2

–

-----------------=

Fig. 4 Center deflection-time history at lower loads.

Fig. 5 Dynamic response of Specimen D2 (P = 13.7 kN): (a)

deflections at mid- and quarter-spans; (b) horizontal restraining

force; and (c) restraining moment.
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Under the loads of P = 8.7 and 13.7 kN, the vibration period of

Specimen D2, evaluated based on the first four cycles of deflec-

tion response, was 11% and 13% shorter than the vibration period

of Specimen D1. This indicated that, as compared with Specimen

D1 which was free for longitudinal elongation, the axial restraint

applied to Specimen D2 has increased beam flexural stiffness.

4.2 Overall response under higher loads 
Fig. 6 shows the deflection-time history at the center column for

specimens under higher loads (P ≥ 18.8 kN). The characteristic

loading stages including flexural yielding and concrete crushing

are denoted for each specimen in this figure. To protect equipment

and to ensure safety during the fast dynamic loading tests, the

maximum center deflection of specimens was restrained. There-

fore, catenaty action was not mobilized in a specimen even fol-

lowing its concrete crushing. Due to concrete cracking, the tests of

a specimen under lower loads have caused residual deformation.

More residual deformation was accumulated under higher loads

before the test at a newer loading level was performed. It was

found from test data that once flexural yielding has occurred in a

specimen, its dynamic response decayed at a much faster rate than

in the lower levels of loading. If Eg. (8) is used again to examine

the damping property, all specimens would have a viscous

damping ratio larger than 10%.

Specimens D1 and D4 − For convenience of presenting test

results, the applied load levels are represented herein as a function

of Pyu. Pyu is defined as the plastic load-carrying capacity of a

specimen at the formation of a collapse mechanism under the

three-point loading condition used in the tests. Pyu was evaluated

for each specimen following the conventional approach based on

Mu,1 and Mu,2, the beam pure flexural strength at the supports and

midspan without considering compressive arch effects. Loads

lower than Pyu were first applied to these specimens. Under the

load of P = 18.8 kN (0.75Pyu) applied to Specimen D1 and 28.9

kN (0.67Pyu) to D4, no flexural yielding was identified during the

dynamic response. Increased gravity loads approximately equal to

Pyu were then applied to these specimens. Under the load of P =

23.9 kN (0.95Pyu) for Specimen D1 and 44.0 kN (1.02Pyu) for D4,

longitudinal reinforcement yielded at both the sports and the

midspan but no flexural failure due to concrete crushing was

observed. Because no compressive arch effect existed in Specimen

D1 and very limited compressive arch effect could be expected for

Specimen D4 due to its high reinforcement ratio, the weight of the

mass blocks was increased slightly for further dynamic loading

tests. At P = 28.9 kN (1.15Pyu) for Specimen D1 and P = 53.5 kN

(1.24Pyu) for D4, concrete crushing occurred at both the supports

and the midspan. Following concrete crushing, the beams of D1

and D4 kept deforming until the vertical displacement at the center

column was completely restrained. Thus, virtually no vibration

occurred in these specimens due to flexural failure. Fig. 7 shows

beam damage condition at the left side of the center column of

Specimen D4 upon the completion of loading (P = 53.5 kN). The

response of Specimen D1 at this load level (P = 28.9 kN) was not

presented in Fig. 6, because the center deflection was not

successfully measured by LVDT. 

Specimens D2 and D3−Because of the enhanced load-carrying

capacity anticipated from compressive arch action, a load of P =

38.9 kN (1.56Pyu) and 54.6 kN (1.62Pyu) was applied to Speci-

mens D2 and D3. Although these specimens sustained this level

of loading with only flexural yielding, Specimen D3 has experi-

enced severe damage in the beams. Fig. 8 shows the damage pat-

tern of Specimen D3 at the completion of testing. Concrete

spalling due to compression has occurred at the midspan and the

loading has also caused a pronounced diagonal shear crack nearby

the edge columns. The shear crack shown in Fig. 8(b) had a width

of 3 mm that has resulted in yielding of transverse reinforcement

Fig. 6 Center deflection-time history at higher loads.

Fig. 7 Damage pattern of Specimen D4 at center column (P

= 53.5 kN).

Fig. 8 Damage pattern of Specimen D3.
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crossing the inclined crack. Because severe damage has occurred

in this specimen, testing was stop at this load level. For the next

level of loading on Specimen D2, additional mass blocks corre-

sponding to a load of P = 44.0 kN (1.76Pyu) were placed at each

loading position. Specimen D2 withstood this level of loading.

However, extensive damage due to flexural and shear cracking has

occurred and thus no further test was performed on this specimen.

4.3 Response of restraining moment and axial

force under higher loads
Fig. 9 shows the typical response of restraining moment M0 at

the right support and the response of the horizontal restraining

force N developed at the beam boundaries for three laterally

restrained specimens under the highest level of load: D2 at P =

44.0 kN, D3 at P = 54.6 kN and D4 at P = 53.5 kN. The restrain-

ing moment response is plotted in the upper half of a figure and

the horizontal restraining force causing compressive axial force is

shown in the lower half. Because the vertical deflection of these

beams was far less than their length (<1/40), the measured hori-

zontal restraining force can be approximated as the axial force

developed in the beams. All specimens developed substantial

compressive axial force in the beams that generally decreased with

the increased tensile reinforcement ratio (Specimen D2 has the

lowest reinforcement ratio and D4 has the highest reinforcement

ratio). The ratio of Nmax, the maximum compressive restraining

force, to Nu, the axial load capacity at the supports evaluated using

ACI 318-08
3
, was 0.18, 0.13, and 0.07 for Specimens D2, D3, and

D4, respectively.

As shown in Fig. 9, the axial force and restraining moment

increased simultaneously once the dynamic response was initi-

ated. Even though flexural yielding has occurred and the maxi-

mum restraining moment M0,max has been achieved in Specimens

D2 and D3, the axial force could still increase and started decreas-

ing after the peak deflection was reached during the first cycle of

vibration. Due to the fast load rate, it was difficult to capture the

time when concrete crushing occurred in Specimen D4. However,

the static loading tests carried out by Su et al.
12

 indicated that a

flexural failure due to concrete crushing led to a decrease of com-

pressive axial force in a beam. Fig. 9(c), according to this observa-

tion, suggests that concrete crushing of Specimen D4 occurred at t

= 0.13 sec when the compressive axial force started decreasing.

Same as the observation obtained in the static loading tests for

specimens with similar span/depth ratios,
12

 the maximum restrain-

ing moment at the supports decreased in a fairly gradual manner. 

The flexural behaviors of the specimens were further examined

by the response of restraining moment as a function of the mea-

Fig. 9 Response of restraining moment and axial force: (a) Specimen D2 (P = 44.0 kN), (b) Specimen D3 (P = 54.6 kN), and (c)

Specimen D4 (P = 53.5 kN).

Fig. 10 Restraining moment versus center deflection: (a) Specimen D2, and (b) Specimen D3.
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sured center deflection. Such a response at all levels of loading is

shown in Figs. 10(a) and (b) for Specimens D2 and D3. Under the

lower loads, axial force restrained concrete cracking of the beams,

thereby resulting in an approximately linear moment-deflection

response. Under higher loading, the maximum restraining moment

M0,max was only slightly higher than the restraining moment at

yielding in Specimen D2. Specimen D3, however, presented more

strain hardening than Specimen D2. The results of maximum

restraining moment at the supports M0,max, maximum compressive

axial force Nmax, and the ratios of Nmax to Nu under the highest

level of loads are summarized for each specimen in Table 3.

4.4 Dynamic load-carrying capacity under

compressive arch action 
To illustrate the load-carrying capacity of the tested specimens

under compressive arch action, the restraining moment at the

reach of Pyu (neglecting compressive arch effects), Mu0,was calcu-

lated and compared with M0,max, the maximum restraining

moment measured in the tests. Table 3 provides the values of

M0,max / Mu0 ratio for the four specimens. Note that, although the

restraining moment is not exactly equal to the beam bending

moment at the supports, the M0,max / Mu0 ratio can still be treated

as a indicator of the enhancement of beam flexural capacity due to

compressive arch action. It is seen from Table 3 that, because no

compressive arch action existed in Specimen D1, M0,max was

approximately equal to Mu0. Due to the high flexural reinforce-

ment ratio of beams at the supports, M0,max of Specimen D4 was

only 20% higher than Mu0. Specimens D2 and D3, however, dem-

onstrated significantly enhanced flexural capacity as indicated by

their much higher M0,max/Mu0 ratios. Thus, the tests confirmed the

compressive arch effects on the flexural strength of axially

restrained beams under dynamic loading conditions. Moreover,

the performance of Specimen D2 indicated that a seismically

designed beam processes inherent progressive collapse resistance.

Note that although dynamic loading was applied to the specimens,

the effect of loading rate on beam flexural strength was difficult to

evaluate, because the flexural strength and the peak rate of

deformation may not be reached in a beam simultaneously. For

instance, the maximum displacement velocity at the center column

of Specimen D3 at the load of P = 54.6 kN was estimated from the

deflection-time history as 400 mm/sec when flexural reinforcement

yielded at t = 0.108 sec during the first cycle of vibration. However,

because of the energy absorbed by steel yielding, the deflection

rate was drastically reduced to 60 mm/s when M0,max= 113 kN-m

was achieved at t = 0.152 sec. In addition, M0,max was only 13%

higher than the steady-state restraining moment (99.8 kN-m). In

addition, the restraining moment corresponding to beam static

loading capacity must be higher than the restraining moment

measured at the steady-state. It can therefore be concluded that, as

compared with the compressive arch action, loading rate may

have insignificant effects on the beam flexural strength of

Specimen D2.

The enhanced beam flexural strength improved the overall load

capacity of the specimens. Pu,min, the minimum load capacity, for

the three longitudinally restrained specimens is given in Table 4

and compared with Pyu, the load capacity without considering the

longitudinal restraining effects. It is seen that from this table that

the compressive arch action enhanced the load-carrying capacity

by at least 76% for Specimen D2 and 62% for Specimen D3.

The extra strength provided by compressive arch action indi-

cates that the frame beams of some existing structures, especially

those designed for seismic loading, may possess much higher pro-

gressive collapse resistance than typically assumed. On the other

hand, as discussed earlier for the nonlinear SDOF system, if the

enhanced flexural capacity is neglected, the dynamic deformation

demand on a beam could be significantly overestimated.

4.5 Dynamic amplification effects for forces 
Similar to seismic design provisions, DOD

2
 classified two types

of actions that must be considered in the design and evaluation of

building progressive collapse. They are the deformation-controlled

actions such as flexure, and the force-controlled actions such as

shear for reinforced concrete members. The underlying philoso-

phy is that, under any circumstance, a structural member shall not

fail in a brittle mode due to forced controlled actions. In the seis-

mic design of reinforced concrete beams and columns, the shear

demand is estimated based on equilibrium requirement and the

maximum probable moment acting on each end of the member.

However, the DOD progressive collapse guideline
2 
does not adopt

this approach for the design of force-controlled actions. Instead, a

dynamic impact factor of 2 without considering damping property

is used to estimate the dynamic loading effects on the demand of

force-controlled actions. 

The actual dynamic impact factor is examined in this study

using test data. Because the shear force in a beam could not be

directly measured in this study, the restraining moment at the

supports under lower levels of load that did not cause flexural

yielding is used for this purpose. A dynamic impact factor, defined

herein as the ratio of peak restraining moment to restraining moment

under static loading (determined from steady-state measurement),

was calculated for the three longitudinally restrained specimens.

The so calculated dynamic impact factors are plotted in Fig. 11

against load P. Fig. 11 indicates that the value of dynamic impact

factor can be greatly reduced as the gravity load P increases. For

instance, the dynamic impact factor is equal to 1.70 for Specimen

D4 under the load of P = 8.7 kN, and reduced to 1.36 when the

load of P = 28.9 kN was applied on this specimen. The much

lower dynamic impact on forces than assumed in DOD
2
 may be

explained by the nonlinear stiffness characteristics of a beam

 Table 3 Restraining moments and axial forces.

Specimen
Nmax

(kN)
Nmax / Nu

Mu0

(kN-m)

M0,max

(kN-m)
M0,max / Mu0

D1 – – 50.0 53.8 1.08

D2 190 0.179 49.6 77.7 1.57

D3 162 0.133 64.7 113 1.75

D4 89.6 0.074 81.6 97.6 1.20

 Table 4 Overall loading capacity of specimens.

Specimen Pyu (kN) Pu,min (kN) Pu,min / Pyu

D1 25.1 23.9 0.95

D2 25.0 44.0 1.76

D3 33.8 54.6 1.62

D4 43.0 44.0 1.02
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demonstrated even prior to its flexural yielding. A specimen expe-

rienced the largest deformation during the first cycle of vibration

when most concrete cracking occurred. Therefore, the stiffness at

the steady-state response can be used to approximate the stiffness

of a specimen at its peak deformation. Secant stiffness, defined as

the ratio of load P to the steady-state center deflection, was calcu-

lated for Specimen D4 at two load levels prior to yielding. It was

found that, at P = 8.7 kN, the specimen has a secant stiffness of

1.96 kN/mm, but at P = 28.8 kN, the secant stiffness dropped dra-

matically to 1.09 kN/mm.

To illustrate the effects of nonlinear stiffness property on

dynamic impact, the response of a SDOF system was studied. The

SDOF system is identical to that shown in Fig. 1, except that a

third-order polynomial as shown in Eq. (9) was assumed to define

a nonlinear elastic relationship between force P and deformation u

prior to yielding. k0 is the initial tangent stiffness in this equation.

This constitutive relationship defines a 50% secant stiffness reduc-

tion (compared with the initial stiffness) and a 75% tangential stiff-

ness reduction at yielding. Such gradual stiffness degradation has

been observed in the static loading tests
12

. Different levels of step

force were applied and the dynamic responses were numerically

evaluated. Fig. 12 shows the dynamic impact factor, calculated as

the ratio of the maximum dynamic shear force Vmax to the static

shear force Vst, as a function of load level expressed as the P/Pu

ratio for the SDOF system using three different damping ratios.

The data points with the largest value of P/Pu in Fig. 12 are associ-

ated with the loads that result in the reach of Pu. Fig. 12 indicates

that, with the assumed nonlinear elastic property, dynamic impact

on forces reduces as the load level increases. At the highest load

levels (leading to the reach of Pu), the dynamic response factors

are less than 1.5 for all damping cases. Thus, according to the test

data and the aforementioned SDOF system analogy, the stiffness

properties of a beam resisting progressive collapse should be

defined with special care in a dynamic analysis to obtain a realistic

estimation of the dynamic demands for the force-controlled

actions such as shear.

(9)

5. Summary and conclusions

The study presented in this paper experimentally investigated

the dynamic response of reinforced concrete beams subjected to

the instantaneous removal of a supporting column. The load-car-

rying capacity and dynamic impact on forces were examined.

Based on the test results, the following major conclusions can be

reached: 

1) Under the dynamic loading conditions considered in this

study, compressive arch action could still be developed in the

longitudinally restrained two-span beams. For the specimens with

moderate reinforcement ratios, compressive arch action increased

the load-carrying capacity by as much as 60%. Compressive arch

action can be considered for the beams resisting progressive

collapse to achieve an economical solution.

2) The dynamic impact in terms of forces decreased with the

increased load levels. The dynamic impact factor was less than 1.4

under the highest level of loads that did not cause flexural

yielding. The traditional use of constant stiffness to define the

elastic property of a beam bridging over the lost column in a

dynamic analysis may significantly overestimate the dynamic

force demand.
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